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INFRARED AND RAMAN SPECTRA OF SOLID PHOSPHINE

I. INTRODUCTION

Solid phosphine has been studied previously by Hardin and Har.

veY(hereafter HH)(1), Von A. Heinemann(2), Marie D. Francia(3), and

Stephenson and Giauque(hereafter SG)(4). The thermodynamic investi-

gation by SG reveals that solid phosphine exists in the following

phases(the phase designations are those of HH):

35.66°K

49.43°K

30.29°K

TEMPERATURE °K

Figure 1. Heat capacity(Cp) in calories per degree per mole of PH3
(ref. 4)



According to the diagram, the beta phase exists between 88.1

6K and 30.28 K while the delta phase exists between 30.29°K and

0°K. However, HH found a difference in the spectrum taken at nomi.

nal temperature of 25 °K and 4°K, which seems to imply the exist-

ence of a new phase with a transition temperature somewhere below

25°K. Evidence to be presented later in this thesis will show that

the two spectra reported by HH in fact undergo a transition near

29°K, not below 25°K, and are therefore the calorimetrically known

phases, beta and delta. Most probably HH encountered a temperature

error. Moreover, HH did not observe any spectral change accompany-

the alpha-beta transition, but SG asserted that the characteristic

heat capacity curve between 25°K and 35 °K was associated with mo-

lecular rotation. One of the main reasons for undertaking this

project was to study the

fy the phase transitions.

SG concluded that the phosphine molecules rotate in

various phases of phosphine and to clad -

the beta

phase. However, HH found no indication of molecular rotation. In-

stead, they argued from the band half-widths that the form existing

above 10°K has some degree of disorder(but vide supra). This is in

contradiction with SG's demonstration that the entropy of both the

delta and gamma phases can be extrapolated to zero as the tempera-

ture approaches zero. Therefore, in accord with the third law of

thermodynamics, those two phases must be perfect crystals.

We were also interested in determining whether or not the

phosphine molecules rotate in inert gas matrices.
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Further, HH showed that the nondegenerate bending mode of

phosphine exhibits about 10 fine bands below 10°K, while the dege.

nerate bending and stretching bands are primarily broad. If the 10-

peak structure of )
2

is reversible, the interpretation will be

challenging.

Solid PD3 was also investigated to see If this 10-peak struc-

ture was unique for solid PH3 or not. Another reason for the PD3

investigation was to find out if solid PD3 has phase transitions

similar to those of PH3. Finally, the frequencies of solid PD3

were used to calculate the most general force field of the system.

Solid AsH3 was also studied briefly to see if it has multiplet

structure in the )2 region, but none was found.



II. GASEOUS SAMPLE PREPARATION

Preparation of PH3

The phosphine samples were prepared by simply dropping water

onto calcium phosphide in a high vacuum system constructed entire.

ly of glass. The equation for the reaction is

6H20 + Ca3P2 ----41.-3Ca(OH)2 + 2PH3.

Although this reaction does give rise to some by-products such as

H2, P2H4, and yellow phosphorus it is preferred to the following

reaction which generated purer PH3.

PC13 + LiA1H4 PH3 + etc.

because of the simplicity and the lower prices of the reactants.

Moreover, the impurities can be easily separated by vacuum distil.

lation.

The preparation system is described as follows: A one-column

mercury manometer and a dropping funnel containing the proper amount

of water and tightly sealed with a ground glass stopper were con.

nected to two of the three standard tapers of the reaction flask.

The third standard taper was connected, in sequence, to C2H5OH-11q.

uid N2 slush baths 1 and 2, a gas sample bulb to collect produced

PH3, a two-column manometer, a vacuum gauge, and liquid N2 trap to

prevent corrosive gases from entering the pumps. The slush bath 1

was next to the reaction flask. High vacuum stopcocks were install-



ed at proper places to guarantee operational convenience.

The calcium phosphide, about 20.grams, of Alfa Inorganics,

Inc. was placed in the three-mouth reaction flask. The calcium

phosphide is usually in the form of small balls. To help water get

to the core of the balls, a magnetic stirrer was also placed in the

flask. After the whole system had been subjected to a vacuum of

better than 1X10-5 mm Hg overnight, distilled water(about 50 grams)

contained in the dropping funnel was admitted slowly to the flask.

Air dissolved in the distilled water was removed by bubbling pre

purified nitrogen through the water for several minutes and then

quickly putting the greased ground-glass-stopper on the dropping

funnel. During the whole course of reaction, the stopper was kept

closed. The one-column manometer measured the pressure inside the

reaction flask. On one occasion, the reaction flask was kept open

to the liquid nitrogen trap, which acted as a pump. The pressure

in the reaction system was low, and the yield thus obtained was

very poor. From then on, the flask pressure was kept as high as

possible. The reaction was usually complete in about half an hour.

Most of the reaction by-products, P2H4 and P4, and the unreacted

water were trapped in slush bath l.Only a very small amount passed

over to bath 2. All of the PH3 product was condensed at the cold

finger of the storage bulb by a liquid nitrogen bath. Hydrogen pro-

duced in the reaction could not be trapped by any of the baths, so

it was usually pumped away. At the end of the preparation, a great

deal of the yellowish residue was observed on the inside of the
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glass system between bath 1 and the reaction flask and also in the

flask itself. About 100 ml X760 mm Hg of phosphine was produced

usually in this way.

The phosphine sample so produced was further subjected to vac-

uum distillation through an ethanol-liquid nitrogen slush bath se

venal times before storing. In all the infrared and Raman runs,

the sample was always purified immediately before use, either by

vacuum distillation or by first trapping all the material in the

sample bulb which was already at the deposition position in a li-

quid nitrogen bath, next pumping away any uncondensable gases, and

finally exchanging the liquid nitrogen bath with a ethanol-liquid

nitrogen bath. At this bath temperature, the vapor pressure of

P2H4 is negligible compared with that of PH3. The PH3 vapor, which

has a finite pressure at this temperature, was allowed to deposit

on the precooled substrate.

Preparation of PD3

The procedure is essentially the same as that used for the

preparation of phosphine except that 99.8 mole percent heavy water

of Bio-Rad Laboratory was used in place of water, and steps were

taken to reduce any possible sources of hydrogen. The dropping

funnel was replaced with a small, glass, matrix-isolation-tube

whose volume usually ranges from about 5 ml to about 20 ml, de-

pending on how concentrated the matrix-isolated species will be.

The MI tube used was first pumped down to better than 1X10-5 mm Hg



for days and then exposed to heavy water molecules overnight in

order to exchange all hydrogen atoms on the interior of the tube

and in the Apiezon N stopcock grease with the deuterium atoms in

heavy water. The same precautions were also taken for the whole

vacuum system in preparing phosphine-d3. Moreover, the first batch

of the sample produced was usually discarded.

In working with isotopic species, it is always desirable to

separate the storage glassware used for one isotopic species from

that used for another isotopic species. The two-column manometer

was specially designed to allow use of one column for the D species

and the other column for the H species.

Although every conceivable precaution was taken to reduce the

hydrogen content in the PD3 sample, the 20°K spectrum still showed

some PHD2 and tiny amount of PH2D. The existence of these two in-

termediate species complicates the assignment of the spectra of

their stretching vibrations. An effort was then made to try to re.

place the residual H atoms in the PD3 sample with D atoms.

R. E. Weston(5) mentioned the feasibility of the following

reaction.

PH2D(g) + H20(1) H3(g) + HDO

We have tried to carry out the reaction

PD2H(g) + D20(1) 7=6: PD3(g) + HDO

using D+ as the catalyst, which was obtained from the following

reaction :



P205 4' 3°20 2°3PO4°

To carry out the exchange, the matrix-isolation bulb contain.

Ing heavy water(99.8 mole percent), a reaction flask containing

P205 and a stirring bar, and the gas sample bulb containing mostly

PD3, some PHD2, and very little PH2D, were connected, in parallel,

to the pumping system. The exchange system was first pumped down

to better than 1X10-3 mm Hg for at least 24 hours. Then the reac-

tion flask was heated with a heat gun until no pressure rise was

shown by the thermocouple vacuum gauge. Sublimation of P205 onto

the upper part of the flask was observed during the heating. The

next step involved collection of all the D20, PD3, PH D and PHD
3' 2 '

PHD2

in the P
2
0
5 flask in which a magnetic stirrer was slowly turning.

After 45 hours, the exchange was stopped, and the sample was col-

lected for a gas phase infrared analysis. It was found that no

significant degree of exchange had occurred.

Preparation of Matrix Isolated Species

Matrix isolation studies were done on PH3 in PD3, Ar Kr, and

Xe; PD3 in PH3; and PH2D and PHD2 in PH3 and PD3.

For the PH3-in-Ar sample, a suitable amount of PH3 was first

collected in a matrix isolation tube whose volume had been deter

mined beforehand, and then transferred to a gas storage bulb. Ar

can not be quantitatively condensed by a liquid nitrogen trap.

Therefore, the matrix gas from a high pressure tank was allowed to

thrust into the PH3- gas- storage bulb at room temperature. The tank



overpressure prevents PH3 from coming out.

Xe is more expensive than Ar, but it is also easier to con-

dense at liquid nitrogen temperature. It is desirable to collect

the matrix material into a known amount of the guest sample as

quantitatively as possible. The PH3 -in -Kr and PH3-in-Xe samples

were obtained in this way.

Enough time was always allowed for the guest and host gases

to mix thoroughly before the run. This became a problem in the PH3

-in-PD3 and PD3-in-PH3 experiments. Usually isotopic exchange oc-

curred during this period of blending. The stretching spectra of,

the PH2D and/or PHD2 interfere with those of the isolated species.

To avoid this isotopic exchange, the guest and host gases were al-

lowed to approach the deposition port of the low-temperature cell

separately, via a Y-shaped, glass tube. One can also shoot these

jets at the window simultaneously and separately, while using

flowmeters to monitor the concentration of the guest species.

The samples of PHD2 and PH2D in PD3 did not have to be made

separately. The PD3 samples that we made usually contained some

PHD2 and a little PH2D. For the PH2D- and PHD2-in-PH3 experiment,

the following method was used to calculate the initial numbers of

hydrogen and deuterium atoms. Since the high temperature classical

limit is assumed in this calculation, the results are correct to

the order of magnitude.

Let H be the probability of having a hydrogen atom at any one

of the three Xi positions in the following picture and let D be sir

milarly defined.
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X
1 X

2

k3

)Then, 1
iNo

;
( N

H
N-i

D , where ( N ) is the binomial expansion coef-

ficient and N the total number of possible aspects. In our case, N

is the total number of possible positions of a deuterium or an hy-

drogen atom . Suppose there are x hydrogens and y deuteriums in

the reactants, then

1 (03) (xx+y)3 + (31) (xx+y)2(x+Yy) (32)(xx+y)(x+y)2 + (33) ( xY+y)3

The coefficients are called thermodynamic probabilities which are

defined as the number of ways to achieve a given distribution of

the hydrogen and deuterium atoms in a given distribution of the hy-

drogen and deuterium atoms in a given molecule. For example, there

are three possible ways to obtain the distribution of two hydrogen

and one deuterium atoms. These ways are

Xi X2 _XI

H H D

H D H

D H H

As an example, the numbers of hydrogen and deuterium atoms re-

quired to begin a reaction aiming at a ratio of 200 PH3 to 1 PH2D

are calculated as follow:

# of PH3 x3/(x+y)3 x 200 x 600

# of PH2D 3x2y /(x +y)3 3 y 1 y 1



Therefore, 600 hydrogen atoms are needed for every deuterium atom

in the reactants. With this starting ratio, the probability of

having species PHD2 is very, very small.

# of PH3 x3/(x+y)3 x2 (600)2

# of PHD2 3xy2/(x+y)3 3y2 1
a' 120000

General Comments on the Samples

We have observed, in agreement with previous workers, that

phosphine burns explosively on contact with air. However, when phos-

phine was mixed with 1.06 mole % of oxygen, no similar phenomenon

occurred. Some chemistry textbooks claim that it is the impurity,

P2H4, which makes PH3 inflammable, but our spectra of thick phos-

phine films show no evidence of P2H4. It seems fair to conclude

that phosphine does explode, but only when in contact with an ex-

cess of air.

Phosphine has not caused us much of a problem in storing.

After several months of storage in the gas phase, both PH3 and PD3

did not decompose to the point of detection by the manometer except

little yellowish(in the case of PH3) and milky(in the case of PD3)

deposits were observed at the bottom of the gas bulbs. The sample

must be purified before storing. If the used sample is stored with

the mother sample under liquid nitrogen without further purifica-

tion, in one month or so, all the sample is decomposed. Impurities

seemed to catalyze the decomposition. We have found that gaseous

PH
3 reacts with the iridium filament of a hot cathode tube of a

vacuum gauge, when the tube was working.



III. LOW TEMPERATURE INFRARED AND RAMAN EXPERIMENTS

Sample Preparation

Sample Made from Liquid

A low temperature sample can be obtained by deposition techni-

ques or by cooling the gas sample to liquid first and then solidi-

fying the liquid. In general, the latter is preferred, although the

former is less involved and more often practiced. A deposited film

is always polycrystalline, while solidified films tend to contain

large domains of single crystals having translational symmetry on

which all the vibrational selection rules are based. A single crys-

tal can be obtained from liquid if the temperature is changed very

slowly, particularly at the transition points.

Another advantage of the solidified film is that the sample

temperature can be raised until it turns into liquid without worry-

ing about pumping off the sample. The reason is that the sample is

constricted in a separated sample chamber(or liquid cell) inside

the low temperature cell, and the high overpressure in the sample

line will stop the liquid from evaporation.

The design of this liquid cell(6) involves squeezing two Cs!

windows against a thin brass ring, and using indium as a low tem-

perature gasket. Several screws were used to hold the windows in po-

sition and to adjust the thickness Of the gap between the windows.

The gas inlet of this liquid cell was installed opposite the

protruded and threaded part which was then connected to the cooling
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tip of the low temperature cell. With this design, a temperature

gradient across the sample chamber may be created so that the cham-

ber can be used to grow single crystals in the future.

Copper, due to its excellent thermal conductivity at low tem-

peratures, is generally used for low temperature work. However,

our liquid cell was made of brass, because copper of the required

dimensions was not readily available. Again, due to the lack of

availability of high vacuum tubings with proper dimension and low

thermal conductivity, such as those made of Nylon and Teflon, a Ty-

gon tubing was used to connect the liquid cell to the sample port

of the low temperature cell. In order to reduce the conduction

heating, the Tygon tubing was made as long as possible, and coiled

several times, and also tempered at the cold tip before reaching

the sample port of the cold cell. The loops of the Tygon tubing

were completely detached from the liquid cell and were held in po-

sition by thin Nylon strings coming down from the cold tip of the

low temperature cell. The lowest temperature registered by the

gold-2.1 atomic % cobalt-vs-copper thermocouple, which was soldered

with Woods metal next to the gas inlet of the sample compartment,

was about 26°K, while that shown by the gold-0.07 atomic % iron-vs-

copper thermocouple which was also soldered with Woods metal along

with the Chromel-vs-Constantan thermocouple at the cold tip of the

low temperature cell was about 25°K. Thus, when a larger tempera-

ture is desired for single-crystal growing, the gas inlet must be

heated.
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The thickness of the film in the liquid cell required for a

proper absorption intensity was first estimated from the amount of

phosphine used in the deposition experiments(in the order of 100 A

mole) and the diameter of the sample compartment of the liquid cell.

To measure the thickness, three methods were tried. First, direct

measurement with a micrometer caliper takes a particular skill. Al-

though the caliper reads down to 1/1000"(PrePer film thickness is

several microns), human error usually amounts to the order of

1/1000". Second, the nonparallelness of the two windows make it

very hard to measure the gap with the interference fringes. Finally,

using the absorbance of liquid benzene at 1393 cm'' as the reference

of the gap thickness of the liquid cell was found to be most prac-

tical. The absorbance of benzene at 1393 cm- was first calibrated

with an adjustable micro-liquid cell. A plot of absorbance vs thick-

ness was made. To measure the gap of the liquid cell for low temper-

ature purposes, benzene was injected into the cell and the absorb .

ance at 1393 cm'' was measured with exactly the same scanning condi.

tions used in the calibration. The thickness was then read from

the plot.

In the runs with the liquid cell, the gas sample was usually

liquefied at the lower part of the sample compartment. The liquid

was then pulled up to fill the entire space by the vacuum. The sure

face tension kept the liquid in position. Please refer to re-

ference 6 for the details of growing a single crystal.
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Sample Deposited from Gas

Most of the low-temperature samples were obtained by spraying

the room-temperature, gaseous sample onto a precooled substrate.

Most of the PH
3
and PD

3
films were deposited in short spurts at

about 77°K, while the films of PH3 in inert gases were sprayed at

about 20°K at such a slow rate that it usually took about four

hours to put enough guest molecules(10 to 100 micromoles) on the

substrate. Deposition of PH3 was tried in quick spurts on a sub-

strate precooled to 82°K at which PH3 has a vapor pressure of about

1X10-3 mm Hg. This deposition was not successful, because the tem-

perature usually rose a few degrees at the moment the room-temper-

ature gas hit the substrate. This temperature rise brought PH3 up

to a region where its vapor pressure is relatively large. A good

film of PH3 was also obtained by slow spraying(completed in 15 min-

utes) at about 66°K. This film showed only slight difference in the

relative intensity in the fundamental regions. Another PH3 film

deposited at about 74°K in about 40 minutes had the same spectro-

quality as the one just mentioned. In general, films depostied slow-

ly and continuously are as good as those put on in short spurts

when the temperature is high enough. When the temperature is not

high enough, one would like to spray on in short spurts. Because,

in a slow deposition, the molecules usually do not have time to an-

neal before they are caught cold, resulting in a glassy film. How..

ever, if the substrate temperature is really low, there is no way

to avoid getting a vitreous film. For example, PH3 was sprayed, in
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short spurts, onto substrates precooled to 23°K and 38°K. Both re-

sulted in vitreous films(judging from the structurelessness of 02).

If the deposition had been done slowly, the film would have been

vitreous also, as expected. The structureless PH3 films were usual-

ly devitrified by subjecting them to several thermocyclings i.e.

the film is warmed slowly through the transition points until it

can not be warmed anymore, and then it is cooled down to the lowest

temperature. The procedure is repeated several times.

In one of the PD3 experiments, the PD3 sample was first soli-

dified in the finger portion of the gas bulb with a ethanol-liquid

nitrogen bath. The vapor over the solid was then allowed to condense

continuously onto the 74°K substrate. Since PD3 has a low vapor

pressure at the bath temperature(157°K), the condensation occurred

in a slow manner. The film obtained this way was annealed, judging

from the fact that the structure of t)2 resembled that of the 02 of

the delta phase of PH3. However, the low temperature cell stopped

functioning not too long after the film was converted to the stable

gamma phase. Therefore, the reversibility of this structure-rich 02

of the delta phase of PD3 has not been proved. In another PD3 ex-

periment, the sample was deposited on a window at 67°K through a

micrometer needle valve in a relatively fast manner. This film

showed that J2 had only the band contour of the structure-rich 02,

but this J2 structure was reversible. In the following two experi-

ments, the PD3 films obtained were all vitreous. First, the sub-

strate was at 20°K and the PD3 sample was trapped in the ethanol-
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liquid nitrogen bath, while the PD3 vapor over the solid was being

condensed onto the window. Second, the window was at 12°K and the

room temperatue PD3 gas flowed continuously through a micrometer

needle valve to deposit on the window. An unannealed PD
3

film was

much easier to devitrify than an unannealed PH3 film. Only one ther-

mocycle was required. In one of the Raman experiments, the PD3 sam-

ple was deposited onto a 20°K-aluminum substrate in short spurts.

The film thus obtained was definitely annealed, since it showed the

characteristic band structures of the gamma phase.

It is noteworthy that any attempt to put all the sample on the

window in a hurry tends to result in a flaky film. To prevent the

film from flaking, a thin film should first be deposited. After

subjecting the film to possible phase transitions, another thin

layer is deposited. The procedure is repeated until a film of proper

intensity is achieved.

Temperature Measurement

During the first half of this project, the thermocouples used

were Chromel vs Constantan, Au-2.1 atomic % Co vs Cu, and Au-0.07

atomic % Fe vs Cu. The hydrogen back pressure was also used as an

indication of temperature. The first thermocouple has a thermoelec-

tric power of about 60 Av/deg at room temperature. This power re-

duces down to less than 20 µv /deg at 40°K and about 10 Av/deg at

20°K. On the other hand, the thermoelectric power of the second

thermocouple(7) decreases in a slower manner from 43 Av/deg at 300



°K down to about 26 Av/deg at 40°K and about 16 Av/deg at 20°K. At

12°K it still has a 10 pv/deg power. However, the power of the se

cond thermocouple becomes less than 10 uv /deg below 12°K. Although

the uncertainty of the potentiometer used was only 0.5 Av, the er-

rors caused by the local inhomogeneities of the thermoelements(

which can usually be detected from the roughness of the thermoelec-

tric emf vs temperature curve), can amount to 5 Av for the second

thermocouple. Thus, based on the thermoelectric power , the first

thermocouple was used at the high temperature and the second ther-

mocouple around 20°K. For temperature below 12°K, the third thermo-

couple, whose thermoelectric power has a maximal value(15,44Addeg)

around 12°K and tapers off on both sides of this maximum until 8.7

Ay/deg at 1.763°K and 9.044 µv /deg at 5.999°K(8) was used.

Towards the end of the project, the Chromel(believed to be

Chromel-P) vs Au-0.07 atomic % Fe thermocouple(9), which came with

the Displex TM Cryogenic Refrigerator, was used to replace the

three thermocouples used previously. This thermocouple has a ther-

moelectric power of more than 10 Av/deg all the way from 85°K down

to 3°K. Chromel-P makes a good second thermoelement owing to its

positive thermoelectric power to contrast with the negative power

of the Au-0.07 atomic % Fe thermoelement.

The vapor pressure of hydrogen was also used to monitor the

temperature. In the first half of the experiment, the pressure of

hydrogen vapor over liquified hydrogen(or hydrogen back pressure)

could only be used as a rough temperature indicator. The Clausius-
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Clapeyron equation could not be applied, mainly because the indi-

cated back pressure did not represent the back pressure over the

boiling liquid, and also because the scale of back pressure gauge

used was not fine enough. Moreover, the incident pressure of the

expanding hydrogen gas can also affect the temperature when the

back pressure is being held constant. In the last half of the expe-

riment, the hydrogen pressure scale on the Displex TM Cryogenic Re-

frigerator is much finer and was used to indicate the vapor pres-

sure of hydrogen at the cooling tip directly. However, it was only

reliable from about 35°K down to 12°K.

During a low temperature experiment, the temperature of the

solid sample can usually be estimated from the cell vacuum gauge.

A vacuum of 1X10-5 mm Hg is necessary to limit convective heat leak

to a tolerable level. A sudden increase in the cell pressure warns

of a rise in temperature due to thermoleak.

Whenever possible, the measuring junction of the thermocouple

was inserted into the CsI window. The junction was held in position

by melting the Woods metal powder, already in the hole drilled in

the CsI window, with a red hot glass rod of the right dimensions.

The junction was then quickly inserted into the hole before the

melted metal solidified.

When the junction had to be built into a metal, a hole was

drilled and tapped in the metal first, and then the junction was

either soft-soldered or Woods-metal soldered on a copper strip

which was then screwed onto the metal.
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The junctions of the thermocouples wore always made by twist-

ing the elements together and then melting them with a very small

and intense torch. This method can produce some oxides in the junc-

tions which then affect the thermoelectric emf. This may be the

main reason that none of our calibration curves coincide exactly

with the literature ones. (Our thermocouples were calibrated against

liquid nitrogen and some convenient slush baths of reference 10.)

This torch-melting method becomes less workable when the difference

in melting points of the two elements gets larger. A better way to

make the junction is to spark-weld the elements in inert gasses(9).

In all of our low temperature experiments, the reference junc-

tion was led to the outside of the low-temperature cell and im-

mersed in an ice-water bath, after the junction had been carefully

tempered at the cold tip. For very precise measurements, the ref-

erence junction should be thermally close to the measuring junction.

Further, the thermoelements should not be taken through regions

where temperature is much different from either junction in order

to reduce error caused by the local inhomogeneity of the alloy wires

(7). However, our treatment of the reference junction did not intro-

duce any error greater than the temperature precision.

Most of the thermoelements used were in the form of solid solu-

tions. Their concentrations tend to change, and so does their ther-

moelectric emf and power. These effects were usually caused by

rough handling of the thermoelements and, particularly, by rebuild-

ing of the junction. Therefore, calibration of the thermocouples
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was done very often.

Too thin a thermoelement should not be used, since it broke

easily under rough handling. If it was necessary to use thin ther-

mowires, they were protected by passing them through plastic

sleeves.

The best way to measure the temperature of a thin slab is by

using a carbon resistance thermometer(11) which can be painted right

next to the solid film of interest. Since the thermocouple measur-

ing junction was not in direct contact with the sample film, the

temperature registered by the thermocouple was apt to have a couple

of degrees of error. The first order phase transition of PH3 at 30.

29°K was used as a reference of our temperature accuracy. The aver-

age readings of this transition temperature registered by the Au-

2.1 atomic % Co vs Cu thermocouple was 29±1°K. Therefore, our tem-

perature measurement was 1.5 degrees lower than the real value.

Windows

The window used in the midinfrared experiments was CsI. In the

far-infrared, silicon was used as the substrate and polyethylene as

the outer window. It was found that a polyethylene window of about

0.04" thickness was strong enough to hold a vacuum of 1X10-5 mm Hg.

It usually took a long time to outgas the polyethylene window. The

choice of the expensive CsI over the cheap NaCI window would allow

use of the far-infrared optical interchange unit in the IR 7.

The windows were polished in order to reduce scattering loss
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of the incident energy. The NaC1 windows were polished according to

standard technique described in any chemical infrared spectroscopy

textbook. The CsI window is easily scratched by the flannel which

is the softest material readily available. In polishing CsI windows,

the cerium oxide powder is wet with as little isopropanol as possi-

ble, so that after several quick circular or 8-strokes, the lap is

almost dry, and it takes only one or two light strokes on the dry,

clean part of the lap to remove the residual isopropanol. It is the

latter part of the polishing job which makes the finished surface

scratchy.

The silicon window used in the far-infrared experiments was

polished with 0.3 A aluminum oxide powder on pieces of paper. Ano-

ther way to polish a silicon window is to glue the window on the

flat side of a thick metal rod with black wax(Apiezon W) and lap

the window on a 0.5 A chromium oxide polishing paper.

Integrated Absorption Intensity Measurements

The integrated intensities of the two strong bands in the )2

region of the phase of PD3 were measured. As many points as

necessary were picked from the spectra, whose Y-axis was linear in

percent transmission but not linear in absorbance, and then the

spectra were replotted, so that the Y-axis was linear in absorbance.

The final step was integration of the bands. A Keuffel & Esser pla-

nimeter was used to measure the areas under the bands. The area are

4.° di) which had to be multiplied by 2.303 and divided by f(
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concentration) and 1(sample thickness) to get the integrated absorp-

tion intensity,

A 1nN di;
PA I

Note that f' and X did not actually enter our calculation as we

needed only the intensity ratio of the two bands.

Specular Reflection Spectrum

The reflection optics used to take the specular reflection

spectrum in the J2 region of the delta phase PH3 is illustrated in

Fig. 2.

monochromator

L. ......

h

IR source compartment

Figure'2. Specular reflection optics

In Fig. 2, A is the aluminum substrate which was polished with

jeweler's rouge. The square surrounding A is the lower part of the

vacuum shroud mounted with windows (represented by segments of dot-

ted lines). B and C are plain metallic mirrors, and D is a large

collimating mirror. To maximize energy, the cell was replaced with
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a plain metallic mirror which simulates the sample substrate. An

effort was made to make the size of the light image at a certain

point beyond the sample compartment as large as it was before insert-

ing this reflection device in the light beam. When this goal was a-

chieved, the maximum energy was obtained. Mirrors B, C, and D were

then, fixed on a board. At the same time the position of the simulat-

ed substrate was marked on the same board. The optimal energy obtain-

ed was about 65% of the original energy at 847 cm-1. This is about

right, because one mirror reflects only 90% of the incident energy

and four mirror will reflect (0.9)4 of the original energy.

When the simulated substrate was replaced with the cell, the

best energy achieved at 847 cm-1 was 31%. This further decrease in

energy was due to the reflection losses at the CsI outer window and

at the sample substrate.

Low Temperature Raman Sampling Optics

The low temperature Raman sampling optics employed in this work

was designed by Professor J. W. Nibler for our laboratory and is il-

lustrated in Fig. 3. In this figure, A stands for the cross section

of the shiny aluminum substrate (parallelepiped) cut along the scat-

tering plane (defined by the incident and the 90°-scattered beams).

B is the vacuum shroud of the low temperature cell (the Displex

unit) laid horizontally (i.e. perpendicular to the scattering plane).

The dotted segment of a line refers to the glass window. E is the

slab sample. C and D came with Cary 82 and their relative positions

are fixed. D is a 126 mm focal length lens which focuses the origi-
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monochro-
mator

deposition port

Figure 3. Low temperature Raman sampling optics

nally parallel laser beam at the "sample point". It is very important

to note that the laser which incident on the sample is no longer pa-

rallel. It is equally important to note that C, which consists of an

off-axis ellipse and an aplanat, is a very efficient signal collec-

tor. It collects not only 90° Raman scattering, but also all other

signals which are scattered into the solid angle shown in figure 3..

C was set to work at its f/1 mode with a working distance of some

five centimeters measure from the casting face. A could be rotated

relative to B for sample deposition.

It is well understood that the near forward scattering (or pola.

riton) has a different frequency from the 90° Raman scattering, and

that the polariton frequency decreases as the scattering angle ap-

proaches zero. Since the sampling arrangement employed in these low

temperature experiments does not select a well defined scattering

angle, partly because of the large aperture of the monochromator and

partly because of the reflection backing of the film, we needed to
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Figure 4. Stretching-spectrum change of solid HC1 relative
to 0. The dot-dashed trace in the 5° group was taken
while laser was focused at lower edge of the substrate.



determine whether the experiments on solid PH3 were influenced by

such directional effects and therefore observed the Raman spectrum

of crystalline HC1 with the same experimental arrangement. HC1 was

selected because (a) it is anisotropic and (b) its modes are simul-

taneously Raman and IR active. These are the conditions under which

the directional effects mentioned above might be most significant.

Moreover, there exists in the literature a considerable body of

data on the Raman spectrum of crystalline HC1 presumably under

right angle scattering conditions.

In this solid HC1 experiment, the frequencies of the internal

vibrations were measured as 6 varied. The result at 160 K is listed

in the following and shown in Fig. 4.

e° Ucm-1

5 2705 2747
5 2703 2746*
20

2703.5 2746
31

45
2703.5 2746

66

79 2705 2746

80
2697 w 2742 w
2704.5 s 2746 s

85 2704.5 2747
*: laser focused at the lower edge of the substrate

Examining the data and figure 4, it seems fair to say that

there was not significant frequency shift due to a change in e

the intramolecular vibration region. In changing 6 , it was ob-

served that the optimum angle for strong signal is around
300

:L10
0

.

This optimum angle can not be judged from the count-per-second as

a function of 6 . Because the cell was moved whenever the 6 was



changed and no attempt was made to get the cell exactly back to the

original position as it is not necessary in this experiment. How-

ever, this is mandatory for an depolarization ratio experiment,

since it was found that intensity varied with the choice of the

laser target. For the latter experiment, our usual practice was to

hold the analyser fixed but rotate the incident E vector 90° by

twisting the half-wave plate 45°

In the following, we compare our frequencies with the litera-

Cure values.

this work Ito,Suzuki,and Yokoyama(13) Savoie and Anderson(14)
16°K 4°K

2696 w
2705 s

2742 w
2746 s

2755 sh

2699 vs
2716 w

2747 s
2753 w

219 m
136 m 145 w
113 w
86.6 s 90 m
58 s 60 m
* : obtained from ref.

77°K 10°K

2706 vs 2699
2716 m 2715

2745 s 2744
2755 m --2754

-290 vw,b

77°K

2705
2720

2748
.,2758

408*

218 vw,b
133 w

84 m
55 m

12

221*
138*
113*
87*
59*
50*

In this comparison, it is noted that there does exist frequen-

cy differences. However, they are small. In addition, we mention

the aspects which are characteristics of our HC1 experiment : (a)

the existence of the weak low frequency peaks at 2696 cm-1 and 2742

cm-1, (b) the persistent absence of the shoulder at 2715 cm-1 with

respect to the shoulder at 2755 cm-1 ( ) the disappearance o

these two shoulders from the 0=5°-edge experiment.



IV. INSTRUMENTATION

The two main spectrophotometers used were the Beckman IR 7

and the Cary 82. The Beckman IR 11 was used for the far infrared

work, which did not reveal many peaks.

The equipment used to achieve low temperatures were the helium

-hydrogen expansion Cryo-Tip and the Displex TM Cryogenic Refrige-

rator, both of Air Products and Chemicals, Inc.

Beckman IR 7

The Beckman IR 7(15) is a double beam fore-prism/grating, re

cording spectrophotometer, with a Nernst glower as the IR light

source. The sodium chloride fore-prism(60 X 75 mm, 60°) sorts order

for the reflection grating(75 lines per mm, 64 X 64 mm in area)

whose primary blaze frequency is 12 ,U(833 cm-1), and the primary

range(or first order) is approximately from 600 cm-1 to 1125 cm-1.

It has a resolution of 0.3 cm-1 at 1000 cm-1. Normally, 1 cm-I re.

solution can be achieved in the region, 700 cm-1 to 4000 cm-1 with

out much noise problem.

All the infrared spectra were taken in the double beam mode.

Since the cell was evacuated, the length of the cell in the sample

beam was not compensated for by the reference beam. Atmospheric ab-

sorptions showed up in the spectra whenever the purging system did

not function well.

Frequency calibration of this instrument was carried out once.

All the infrared frequencies reported here have been corrected ac-



cording to this calibration, except the ones above 3000 cm-1 . when-

ever the CsI interchange unit was used, the calibration might have

been affected. To find out the effect of replacing this interchange

unit on the frequency accuracy and also to find out the intrinsic

frequency reproducibility of IR 7, the following simple statistics

were performed. The frequencies of the peak lowest in energy in

nine c>2-high-resolution-scans of solid PH3(in the delta form) were

recorded. It was found that the nine frequencies drifted between

969.8 cm-land 968.65 cm-1 from 2/7/70 to 4/23/71. Thus the replac-

ing of the interchange unit and the intrinsic frequency reproduci-

bility might have caused the calibrated observed frequencies(i.e.

the reported frequencies) to deviate ±0.6 cm-lfrom the real values.

It is suspected that this deviation may be random, like the devia-

tion in the frequency calibration. Therefore, the peak highest in

energy in the stretching region of the delta phase of PH3 was used

as reference. The four measurements of this peak frequency were

found to vary from 2326.6 cm-1 to 2324.8 cm-1 in the period from

2/7/70 to 4/23/71. Thus, in the stretching region of solid PH3, the

uncertainty of the reported frequencies was ±0.9 cm-I. When the

strongest band in the t)4 region of the delta phase of PH3 was used

as a reference, the uncertainty was found to ±0.8 cm-I, with a

frequency range of 1094 cm-1 to 1095.6 cm-1 for four measurements

in the period 7/5/70 to 4/23/71. (The frequencies of these three

reference peaks were not observed to have appreciable temperature

dependence). Therefore, the infrared frequencies were reported with

at least ±1 cm-1 confidence.
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Cary 82

Cary 82(16) consists of three essential parts: a laser as the

light source, sample compartment, and monochromators. This instru-

ment uses the 52 B Ar+ laser made by Coherent Radiation. This laser

has the following lasing lines : 5145X, 5017A, 4965A, 4880X, 47651,

4727A, 4658A, and 4579A. Due to their larger output power, the

5145A and 4880A lines are most frequently used ones. Only the form-

er was used in this study. Most of the time, the laser current was

adjusted to give a output power in the range, 700 mw to 1000 mw.

0

The 5145A lasing line has the following plasma lines which are usu-

ally sharp : (The numbers in the parentheses are the relative peak

heights) 66(7), 77(21), 117(26), 161(3), 267(8), 521(75), 588(4),

909(4), 927(3), 943(4), 1094(3), 1101(6), 1240(7), 1247(3), 1255(3),

1446(10), 1490(4), 1600(12). 1738(8), 1750(3), 1968(3), 2013(3),

2112(7) , 2155(3), 2233(5), 2324(4), 2372(3), 2437(5), 2453(11),

2521(19), 2569(6), 2729(6), 2739(6), 2858(48), 2889(16), 2915(8),

2932(15), 2981(6), 3039(5), 3052(44), 3082(1020), 3106(47), 3146(51),

3164(8), 3190(4), 3234(950), 3273(12), 3311(5), 3339(9), 3349(6),

3410(17), 3417(470), 3554(9), and 3582(14). We take the pain to

list these plasma lines, since we will have to determine the spuri-

ous Raman shifts in our high resolution spectra in the following

chapters.

Before the excitation line interacts with the sample, it is

directed through a dispersion-filter system. However, it is diffi-

cult to block out the plasma emission completely. The spurious
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Raman shifts can also be discriminated from the real Raman shifts

by using another excitation line.

In between the dispersion-filter system and the sample, 1 %

of the lasing energy is taken to feed the reference phototube. The

recorder indicates the ratio of the measured "Raman" energy to this

reference energy.

This instrument was calibrated with a 1/3 watt Neon light. Like

the calibration of the IR 7, the frequency corrections were very

hard to express as some simple mathematical function of frequency.

In the case of the loaner Cary 82(two different Raman instruments

were used in the course of this research, the loaner Cary 82 and

the permanent Cary 82), the three off-axis parabolic collimating

mirrors of the monochromators had to be adjusted from time to time

to maximize the measured energy. This adjustment did not turn out

to be so critical for the permanent unit. All Raman spectra were

taken with both the loaner and the permanent one. The frequency

calibration was changed whenever this adjustment was made. Al-

though an attempt was made to calibrate the Cary 82 as often as pos-

sible, the reported Raman shifts might still be subject to uncer-

tainty. The following simple statistics were performed to estimate

the confidence in the reported frequencies. In July, 1971, the

918.5 cm-1 of the Neon lines was observed to be in exact agreement

with the literature value, and 0.2 cm-1 and 1.3 cm -1 higher than

the literature value in two subsequent calibrations. Thus the col-

limating-mirror-adjustment (and probably the frequency reproducibi-

lity of Cary 82) could vary the 918.5 cm-1 peak position within
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10.65 cm-1. The equivalent quantities found for the 1031.2 cm-1 ,

1458.2 cm-1, 1756.5 cm-1, 2453 cm-1, 2347.9 cm-1 Neon lines were

10.55 cm-1, t0.8 cm-I, ±0.7 cm-1, ±0.25 cm-1, and ±0.3 cm-I. Thus,

the greatest uncertainty in our reported Raman shifts is 1 cm-1.

The following observation is reported here to prove that it is ra-

ther difficult to be really scientific about the accuracy of fre-

quency. In one run(without adjusting the collimating mirror), the

77 cm-1 and 117 cm-1 plasma lines appeared in one scan to be .6 cm-1

too high and 0.3 cm-1 too low respectively, while in another scan

they were 1 cm-1 too high and in still another scan, 0.5 cm-1 too

high.

The introduction of the laser into Raman spectrophotometry in-

creases resolution a great deal. One cm-1 spectral band width can

be achieved easily with the Cary 82 from almost the excitation line

to 4000 cm-1, although this was thought to be very difficult before

lasers were used. A spectral band width of one cm-1 was always used

for the high resolution Raman scans unless otherwise indicated.

Cryo-Tip

The Cryo-Tip(17) is an open-cycle, Joule-Thomson(or Joule-Kel-

vin) expansion refrigerator. The following picture shows the Model

AC-2L Cryo-Tip which looks the same as the Model AC-3L which was

actually used.

In Fig. 5, the lower and bulkier part of the unit at the left

is called the "cell head", which houses a liquid nitrogen reservoir

and two heat exchange coils(in the case of AC-3L, one for hydrogen
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Figure 5. The helium-hydrogen expansion Cryo-Tip

expansion and the other for helium expansion) packed with adsorbers.

The uppermost, rectangular-shaped part of this unit is the window

holder and window. Extending down from this part is the helium and

hydrogen expansion section (which is longer for the AC-3L, since it

houses both the helium and the hydrogen expansions). Surrounding

the latter is part of the whole radiation shield which extends all

the way down to the nitrogen reservoir and which will be completed

if the unit on the left is mounted on the top. The central unit,

made in the chemistry department's machine shop, is called the "vac-



35

uum shroud". Two infrared windows were mounted on the opposite sides

of the lower, cubic portion of this shroud. The valve in the upper

portion of the shroud is a pumping port. The advantage of having

the pumping port installed in the vacuum shroud instead of the cell

head is that the substrate window can be rotated without stopping

pumping. The small tubing beside the large, cylindrical section is

the spray-on port. The radiation shield(right unit) is fastened on-

to the cell head unit with springs. In operation, it is at the li-

quid-nitrogen boiling point and reduces radiation heat loss to the

sample to less than one percent of their values if the shield were

not present.

High-pressure hydrogen gas from the tank is first passed

through the room temperature adsorber to be deprived of larger im-

purity molecules, such as water and carbon dioxide. Smaller mole-

cules such as oxygen and nitrogen in the main stream of hydrogen

are removed by molecular sieves packed in a heat exchange coil,

which functions at liquid nitrogen temperature . The hydrogen thus

purified leaves the expansion controlling panel and enters a similar

heat exchange coil embedded in liquid nitrogen at the cell head, to

be further purified. This superpure hygrogen had already been pre-

cooled by liquid nitrogen in the reservoir to a temperature less

than its maximum inversion temperature (202°K). When it is throttled

to atmospheric pressure, its temperature drops. The throttle-cooled

gas, which travels out of the throttling compartment and the cell,

cools the incoming gas. (Therefore, the Cryo-Tip can also be

called a countercurrent heat exchanger.) The incoming gas after
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throttling becomes still cooler. After many repetitions of these

successive coolings, the throttled gas becomes partly liquified.

The liquified hydrogen is used to cool the helium which comes in

via a separate channel with the same kind of traps. Again helium

is liquified after many repetitions of throttling. The Cryo-Tip is

not designed to recycle the expanded gas, and hydrogen and helium

are vented out of the top of the building. The Cryo-Tip is thus

called "open-cycle."

When hydrogen only is going to throttle, the helium circuit

must be used; because the latter is closer to the cold tip. If the

hydrogen circuit were used, the cooling would not be so efficient.

The explosive range of hydrogen in air is between 4.1% and 74.2

% by volume. Due to its rapid diffusion, the throttled hydrogen

quickly attains a concentration below the danger limit after it is

vented out of the top of the building. To prevent a dangerous accu-

mulation of hydrogen in the laboratory, all of the joints of the

expansion line were checked with soapy water. Whenever a hydrogen

tank was connected to the line, a check for leaks was always per-

formed. Although a small amount of hydrogen was always used to flush

out the air molecules during a tank connection, a dangerous mixture

of hydrogen and air was never attained in the laboratory.

By trial and error, the fastest cooldown was achieved in less

than one hour by holding the hydrogen (for single expansion) inci-

dent pressure at 500 psi for about 20 minutes as the tip temperature

dropped from room temperature to about 273°K, and then increasing

the hydrogen incident pressure up to 1000 psi for the rest of the
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cooldown processabout 30 minutes. After the temperature was down,

about 300 psi incident hydrogen pressure was necessary to keep the

window at about 18°K with the AC-3L unit used. At this incident

rate, one tank of hydrogen usually lasted only about two hours.

(With one of the two AC-2L units that Professor DeKock has, one

tank of hydrogen could keep the temperature at the liquid hydrogen

boiling point for as long as four hours.) It generally took about

two-thirds of a tank to cool down.

The Cryo-Tip is able to function under several operational

modes for various temperatures. The modes are nitrogen expansion,

hydrogen expansion, and helium-hydrogen expansion. For each mode,

temperature can be raised and lowered by increasing and decreasing

the back pressure of the liquified gases.

In using the Cryo-Tip, the problem of cell-plugging, which has

occurred during some important high resolution scans, has to be

faced. It was usually caused by the solidification of molecules of

impurities at the expansion nozzle. When it occurred, the cell had

to be warmed up and purged over again. Clogging of the throttling

nozzle by some mechanical debris carried along by the main stream

of the expansion gas sometimes occurred in the AC-2L unit. The most

stubborn cases of plugging were those caused by the oxygen and ni-

trogen impurities. To prevent this, the cold trap in the expansion-

controlling panel had to be refreshed every 700 psi. It became ne-

cessary to change to the convenient closed-cycle refrigerator.
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Displex TM Cryoi;enic Refrigerator

The Displex TM Cryogenic Refrigerator (18, 19) is a closed-cy-

cle, Joule-Kelvin refrigerator. It is comprised of a standard, air-

cooled, oil-lubricated compressor unit with oil separation system,

a displacer/expander, whose valves and seals are at room temperature

and which operates at slow speeds to cool the load down to 12°K, and

the control unit which governs the power of the whole system and has

a switch for the cell heater.

Forty-five minutes after the unit is plugged in, the tempera-

ture is down to 12°K. There is no consumption (except a very small

leak in the system) of working fluid to worry about. The built-in

heater allows easy control of temperature. For this reason, the

phase transition experiments at low temperature could be done at

practical equilibrium states. This unit also made it feasible to ob-

serve the phase transitions, which take days to achieve.

Shown in Fig. 6 are the displacer/expander (righ unit) and the

vacuum shroud. The former can be located at a distance away from

the controlling unit and the compressor for experimental conven-

ience. The lower part of the right unit is called the "valve assem-

bly," which contains a motor for moving the displacer and which re-

gulates the flow of helium in and out the cylinder assembly. The

latter is located between the aluminum substrate on the top and

the valve assembly.

The cooling process of the Displex Refrigerator is similar to

that of a common household refrigerator. The latter uses freon gas
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Figure 6. The Displex TM Cryogenic Refrigerator

as the working fluid, while the former used helium which flows in

closed cycles in contrast to the Cryo-Tip described previously.

The Sequence of operations can be illustrated by a single cy-

linder and piston (Fig. B). The corresponding PV diagram (Fig. '1)

represents the reverse Carnot cycle for the refrigeration. The cycle

goes as follows.

(1) When A is open and B is closed, helium is isothermally

(room temperature) compressed by the compressor and is

sent through valve A to push the displacer up and the cy-



Figure 7. The PV diagram for the Displex TM Cryo

genic Refrigerator

Figure 8. The elementary cooling circuit for the

where

Displex Refrigerator

A ow inlet valve through which the compressed gas passes

exhaust valve leading to the low-pressure side of

the compressor

C gm piston in a cylinder

compressor

40



tinder fills with compressed gna

0 ; Q1
V

n T, ---In
VI

4.1

(2) When A is closed and B is opened, the gas expands irre.

versibly and adiabatically into the low-pressure, din.

charge line and cools.

E
2 -W2 Cv(TI-T2) ; Q2 "

(3) The resulting temperature gradient across the cylinder

wall causes heat to flow from the load into the cylinder.

The cooled gas in the cylinder in turn absorbs the heat

and further expands isothermally (at the cooled tempera

ture) to some volume V4.

E3 0 ; Q3
V

3 nRT2 In '
v3

(4) The piston then moves down to displace the remaining gas

into the exhauSt line and to return the work originally

done to it to the gas, whose temperature thus rises to

its original value.

4 -W4 - Cv(T2-T1) ; Q4

This oversimplified system, while workable, would not produce

the extremely low temperatures required for most low-temperature

experiments. Thus a regenerator is put between the valves and the

cylinder. A regenerator is a reversing flow heat exchanger and is

packed with a particular matrix which extracts heat from the in-

coming gas, stores it, and then releases it to the exhaust stream.
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Because the regenerator is built right next to the piston (Fig. 9),

the gas which passes through the regenerator and fills the space

underneath the piston will have about the same temperature as that

of the load.

B
PI 113 psi ---c-----AAAAAr---><* h 320 psi

out

r -

Displacer--5-4"

Qin

Figure 9. A schematic diagram of the expander(first stage only)

of the Displex TM Cryogenic Refrigerator

Regenerator

0/Ce

In the system shown in Fig. 8, the piston must be designed to

withstand unbalanced forces. The actual version of the Displex sys-

tem is shown in Fig. 9. With valve A opened and B closed, C dis-

places up instantaneously. So the helium right above and underneath

the piston is at substantially equal pressure, Ph. The work done to

the surroundings (helium right above the piston) by the isothermal

compression is dissipated into heat by throttling (JouleKelvin

effect) in the orifice. This heat is then removed by heat exchange



with the exhaust gas as it leaves the unit. Note that the piston is

now more correctly called a "displacer," because it merely moves up

and down with no mechanical work introduced into it. Thus the sys-

tem is said to use a no-work" cycle.

The single-stage refrigerator shown above can achieve tempera.

tures in the 30. - 77 °K range. The Displex unit used in our work is

a two-stage refrigerator. The additional stage which works by the

same process as the first stage permits useful refrigeration down

to 12°K. The three-stage version of this refrigerator has 6

cooling capability.

12°K
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V, SPECTRA OF PHASE TRANSITION

PH3

Solid PH3 exists in S, p, 4, and f phases described earlier

in chapter I. The 8 and the A phnqes coexist with the thermodynaw

micelly more stable I phase, owing to the slow formation of the Y

phase. This has been elucidated by ,Stephenson and Giauque before.

To the best of our knowledge, no equivalent work has been done on

solid PD
3 so far. And the transition temperatures of the solid

phases of PD3 are, thus, still unknown. Phase transition experi-

ments shown in this chapter not only confirm Stephenson and

Giauques work (or rather reassure our confidence about the phases

of thin slab PH3), but also reveal that solid PD3 exists in a si-

milar modificatoons.

The p-to -r phase transition of PH3, monitored in the 02 re-

gion, is shown in Fig. 10. This transition was very difficult and

was made easier by using the Displex Cryogenic Refrigerator. SG

reported the optimum rate of conversion at 39° K. We maintained

the sample of the 0 phase at 39:he K. After some interval of time,

spectra were recorded at this conversion temperature (to give Fig.

10) and also at lowest achievable temperature (to give Fig. II).

In Fig. 10, the A-r transition is followed by noting the in.

tensity increase of the bands at 974.1 cm-1 and 988 cm-1 . The fol-

lowing data indicates the absorbance decrease of the broad 0 peak

and the increase in absorbance (compared with the p absorbance) of
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Figure 10. This figure presents the 0.+y phase transition of solid
PH3 observed in the v2 region of the IR spectrum.
Number of hours indicates how long the film had been
maintained at 39°±1°K before the spectrum was recorded.
The y phase content in the film increases with letter
order, being zero at A.
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Figure 11. This figure indicates the 6.4-y transition. Traces B and

C were recorded by cooling films B and D, respectively,
of the last figure down to 13°K. Trace A was recorded

before the (3+y conversion shown in last figure was
started. Also shown in this figure is the f3 phase (D)

in the same region.
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29 °K

TiME

Figure 12. This figure shows, in sequence, the -.+6(A+13),84-8(0+D), and 43(E-F) phase

transitions of solid PH
3
monitored in the v

2
region in the infrared.
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990 980 970

FREQUENCY (CM-1)

Figure 13. The gamma to beta phase transition of solid PH3 monitor-
edby the Raman scattering in the symmetric bending mode
region. For trace A, the sample was in the gamma phase,
trace D in the beta phase.
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Figure 14. This figure presents the series of Raman PH3 experiments of y4-8(A,
and 114-6(D+E) phase transitions carried out in the lattice region.
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Figure 15. This figure indicates the 600+5 (J) transition of
solid PHA monitored in the stretching region in the
Raman. Traces E and I contain mixture of the super-
cooled 8 and the 6 phases.
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Figure 16. The variation of the spectra in the symmetric bending
region obtaining by quickly chilling the solid PH3
sample through its lambda point. Trace H corresponds
to the delta phase, trace E to a mixture ofd plus some
supercooled S phases, trace K to mostly the supercooled
B phase.
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55.3

TIME

Figure 17. These spectra, taken in letter series, elucidate the (A413 and 14-3), 0*(S(D.+E),

8-+B(F÷G), and 0÷y(J÷K) phase transitions of solid PD3 observed in the v2 region in

the infrared. Letters missing in the sequence refer to interruptions for annealing
the film. Numbers indicate temperature in degree Kelvin.
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725 715

FREQUENCY (CM-1)

705

Figure 18. This figure presents, in letter sequence, the y(A)-
8(B) phase transition Raman experiment carried out in
the v2(PA) region. Films B and C postibly contain
both y ana 8 phases.
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Figure 19. This figure shows the cycle of 8.4./-*$ phase transition
observed, in letter order, in the lattice region of
solid PD3 in the Raman spectrum.
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the a' peak at 974.1 .

14 hrs 22 hrs 32 hrs 43 hrs 63 hrs
(38"K) (39ftK) (38 °K) (37°K) (38 °K)

A(974,1) A(s) .380 .40 .410 .45 .63

A(p) .4 .270 .230 .230 .24

It does not seem possible to completely convert the whole

slab sample into the r phase in three days as SG did. This is un-

derstandable. SG's 2.446 moles of the solid sample were obtained

by cooling the gaseous sample into liquid and then into solid. In

this three dimensional solid domains were larger and better asso-

ciated, while the IR sample that we used was in the form of a very

thin slab which was composed of loosely aggregated polycrystaline

material.

Although the transition A-14 is slow, it was found possible to

convert the p,K mixture rapidly to a 6',ff mixture and vice versa,

simply by cooling the sample which had been maintained at 39°K ha..

low the 04.-q transition temperature near 30"K. Upon warming again

to about 39°K, the p,r mixture was recovered and the slow conver--

sion 13.4g was then allowed to proceed further. This is shown in

Fig. 11.

The course of g491, conversion was described by the intensity

decrease of the doublet, 980.3 ere and 982.1 , and the gain

in Intensity of the bands at 974.1 cm'' and 988.0 cm-1 * One no-

tices that the growth of the 974.1 me peak is not in the same

rate as that of the 988,0 cm`' one.
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Incidentally, the letters used in the figures in this chapter

indicate the order that the spectra were recorded.

At the end of the long 134r conversion (Fig. 10), the film was

further subjected to a series of phase transitions among the 6'

and X phases. Fig. 12 (trace A corresponds to trace D of Fig. 10)

shows these experiments. In these experiments, temperature could

be and was held fairly steady with the help of the build-in heater

of the Displex Refrigerator. Consequently, the g411 transition(re0

cognized by the appearing and disappearing of the doublet at the

middle) point can be narrowed down to the range 28.5°-28.7°K. Ac-

cording to SG, the lowest first-order-transition-point of PH3

30.29°K. Comparing our transition point with SG1s, two remarks are

due. First, the transition that we observed is the first order one

at 30.29°K and not the lambda point. Second, our temperature read

ings in the IR experiments are 1.7°K lower than the precise thene

modynamical one. The major contribution to this discrepancy is the

fact that the measuring junction of the thermocouple was not in

direct contact with the solid film. A minor contribution can be

attributed to the accuracy of our thermocouple calibration curve.

The 14-,s phase transition, as shown by Fig. 10 and traces E and

F of Fig. 12, is easily recognizable. The latter two traces in-

dicate that this transition point is between 49.5°K and 53.3°K,

which is slightly higher than the literature value, 49.43°K.

temperature deviation will be accounted for at the end of this

chapter,
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In previous infrared experiments, we found it was very diffi-

cult to reach the gamma phase of PH3. Francia attempted and failed

to do so In her infrared work on PH3. However, our gamma phase PH3

sample for the Raman experiment was obtained accidentally and

rather easily. Described in the following paragraph is how our

gamma phase sample was obtained.

The vapor of PH3 sample trapped in an ethanol-liquid-nitrogen

slushy bath near 155°K was allowed to deposit continuously on the

shiny aluminum substrate at about 45°K. After the deposition the

film was cooled immediately down to about 20 °K in 5 minutes or so.

During the cooldown process, the film flaked continuously. Eventu.

ally, all of the sample became detached from the substrate. As

soon as the peeled sample beads dropped onto the room-temperature.

glass-window through which laser entered the cold cell, evapora-

tion started and caused the beads to move irregularly. (When the

moving beads got hit by laser, beautiful flashing light was emit-

ted.) Since the parallelepiped substrate was only about one inch

away from the bottom window, the evaporated PH3 molecules(maybe at

the melt point, 140°K, or even colder) were recondensed back on

the substrate directly. Most of this recondensation occurred at

about 20°K. At the end, the recondensed film was annealed up to

83°K once and 79°K twice* In the final annealing cycle, the film

WAS warmed up to 37 °K rather slowly and then cooled quickly down

to 19 °K, while laser was being focused at the same domain.

Thereafter all of the high resolution Raman gamma scans of
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PH3 presented in following chapters were recorded. They are be-

lieved to represent the gamma phase due to the following reasons.

First, they resemble their counterparts in PD3 whose gamma phase

was readily reached in the infrared experiments. Second, after

the high resolution scans, the apparent gamma phase was warmed up

until there appeared to be appreciable changes in both the k (see

Fig. 13) and the lattice (see traces A to D, Fig. 14) regions. The

temperature (45453° K), at which the spectral changes emerged a-

grees better with the gamma-to-beta than the delta-to-beta transi-

tion point. Furthermore, when the film was cooled back down to 20°K

quickly, the lattice, stretching, and O2 spectra (traces E of

Figs. 14, 15, and 13) exhibited unmistakeable difference from the

apparent gamma phase. For example, the lattice bands above 100 cm-1

(except the plasma band at 117 cm-1) had disappeared. And the

spectra in the region below 100 cm-I had undergone noticable

changes too. In addition, in the 2 region, the weak doublet near

980 cm-1 was clearly replaced by noise, although the position and

band half-width of the strong feature remained essentially un-

changed.

Therefore, we conclude that Fig. 13 and traces A to D of Fig.

14 do stand for a transition which ought to be the gamma-to-beta

phase change. In connection, we note that the 107.4 cm-1 band

of the gamma phase is fairly temperature dependent, and that the

band near 80 cm-1 is almost completely temperature independent

(slight down-stream shift from trace A to trace B and no detectable



shift from B to C, as the rest of the bands show).

One observation is very noteworthy before we proceed to prove`

that the transformation from films '1) to films E in Figs. 13, 14,

15, and 16 represents a transition which should be the beta-to-

`delta one. In the Raman PH
3
experiment prior to this one the suc-

cessfully deposited film exhibited no appreciable spectral change

accompanying the delta-beta and gamma-beta transitions which we

consistently obtained in the absorption experiments. On the other

hand, the gamma phase was obtained very easily this time. This

prompted us to speculate that a deposited film may consist of many

domains. Some domains, somehow, can be subjected to these two

gamma phase transitions more readily than the other. So, we moved

the laser target quite a distance away from the one which had just

given rise to all of the high resolution spectra of the gamma phase.

What we recorded in the stretching region was nothing but the one

like trace J of Fig. 15(actually the completely supercooled beta

phase at 20°K). Our speculation was, thus, verified. Recall that

in almost three day of maintaining the beta phase near 39°K in the

absorption experiment, some of the sample(or rather domains) in the

slab still stayed in the beta phase. This observation is consistent

with what was just described above. As to the beta-to-delta transir

Lion in IR, the supercooling of the beta phase might have actually

occurred. All of the traces in Fig. 29 and trace A in Fig. 11 were

obtained by quickly cooling the film which contained mostly the

beta phase below 30°K. The supercooled beta phase might have raised
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their background and affected the resolution. It is noted that HH

and Francia's %)
2
spectra are slightly better resolved.

Now back to the apparent beta-to-delta transition which was

performed following the gamma-to-beta transition. Just looking at

traces D and E of Fig. 14, it may seem possible that E is merely

a temperature intensification of D. (Note that films labeled with

the same letter were taken at the same step in the sequence of an-

nealings and, thus, represent the same domain and the same Phase.)

However, comparing trace E of Fig. 16 with trace D of Fig. 13, one

sees intuitively the spectral change due to cooling through 30°K.

Although it is possible that this change is a consequence of the

temperature effect too, trace K of Fig. 16 shows the initial state

(the supercooled beta phase here) and the final state(i.e. the

weak feature at high frequency-side of the strong one) can coexist

at one temperature. Therefore, the event of changing from traces

D to traces E can not be simply due to temperature dropping and

must also be involved in a transition between the beta and some

other phase which is most probably the delta phase. Incidentally,

a solid system, such as PH3, with a lambda point tends to be su-

percooled when temperature drops through the lambda point rapidly.

This is why we observed unequivocal coexistence of the supercooled

beta and the delta phase in trace K of Fig. 16.

The delta-beta transition point, as shown by traces H and J,

is 25t29.5°K. We believe traces H are the better representation

of the delta phase than traces E, since the high frequency-side of
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the main feature of the E trace in Fig. 16 indicates that the sam-

ple still contains some of the supercooled beta phase. Moreover,

Fig. 30 shows that trace H of Fig. 16 corresponds to the delta

phase in the infrared experiment. Trace J is recognized as the

beta phase, instead of the supercooled beta phase, because of its

smoothness when compared with trace I.

Traces H, I, J, and K in Figs. 15 and 16 were obtained by

simply warming film E up and then cooling it down several times.

During these annealing cycles, the laser target was shifted too.

Besides showing the delta-beta transition, Fig. 15 also exhibits,

as Fig. 16 does, the coexistence of the supercooled beta and the

delta phase in different proportions. In Fig. 15, film I has high-

er supercooled-beta content than film E and in Fig. 16, film K

higher than E. It is noted that these spectra with the supercooled

beta phase are strikingly different from their counterparts in IR

in appearance.

PD3

The phase transitions of PD3 in the infrared were performed

several times. The sequence shown in Fig. 17 is just one of them.

Traces E and F are recognized as the delta phase t)2, since their

high resolution version(dot-dashed trace, Fig. 31) resembles the

structure-rich-02 of the delta phase. The beta-to-gamma phase

transition of solid PD3 is fairly rapid. When the film was cooled

down from about 606K, it usually took only about 6 minutes to

complete the conversion. The exact temperature at which this tran-
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sition occurs most readily was not pinpointed. flany experiments

were performed to measure the gamma-to-beta transition point which

averaged out to be 56 ±1°K, i.e. about 7° higher than in P113. The

delta-beta transition point was averaged from several runs to be

lit 1°K which is about 3° higher than in PH3. It is difficult to

determine whether this temperature is the lambda point or the first

order transition point.

Trace I of Fig. 17 shows that the relative intensities of the

gamma phase doublet was reversed. This occurred because temperature

passed through the gamma-to-beta transition point during the scan.

The gamma -to -beta transition shown in Fig. 18 is characterized

by the change in band half-width and by the slight increase of peak

position. The spectral change accompanying this transition is more

obvious in the lattice region(Fig. 19). The transition temperature

agrees well with the infrared observation. The slight deviation in

the transition temperature will be discussed at the end of this

chapter.

We have not directly observed the delta-beta transition in

Raman. It was deduced in the following that the delta phase of PD3

was actually observed in the Raman. The two Raman traces in Fig. 31

were recorded immediately after the survey scan which promptly fol-

lowed the deposition at 14°K in quick spurts. They are distinctly

different from the gamma phase 02 of solid PD3(trace A, Fig. 18),

the main difference being the absence of the weak doublet whose

center is at about 720 cs0 but look rather like the delta phase
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2 of P113(trace A, Fig. 30). Since the delta phase of PD3 is rather

unstable with respect to the gamma phase, it is possible that the

two delta traces contain some gamma phase.

The apparent transition temperatures are summarized in the

following.

PH3(Raman) PH3(IR) D (Raman) PD3(IR)

r-lp 47.5-53.5°K 49.5-53.5°K 56°K

A": 25-29.5°K 28.5-28.7°K

In the following, we will explain the transition temperature

deviations that we observed. The Y-to-o.transition shown in Fig.

13 is unique because of the coexistence of the final and initial

phases (trace B and C) at more than one temperature. Since the

coexistence of states is the characteristics of all first order

transitions, trace B can be interpreted as the representation of

the transition point. Thus laser has caused a local heating of

4.40K. SG found that the gamma phase can be superheated 0.250K above

the transition point before conversion starts. It is possible

that some of the unit cells still existing in the gamma phase under-

went phase change, while the rest of them were superheated, as

temperature was rising from 450K to 510K. It, then, took another

2-degree-rise in temperature to convert the residual gamma phase

into the beta phase. (The temperature of complete conversion is

the same for both the infrared and the Raman experiments.) That

it took a temperature rise of 8 degrees, instead of 0.25 degrees,

to remove the superheating indicates that much longer time should



have been allowed for therMal equilibrium.

In Fig. 12, the delta-beta transition temperature was measured

to be 1.7 degrees lower than the literature value, 30.299K. On the

other hand, trace E of the same figure seems to suggest that the

gamma-beta transition point is higher than the literature value,

49.439K. It is likely that trace E represents the coexistence of

the gamma and the beta phases. The difficulty of attaining thermal

equilibrium and the possibility of superheating the gamma phase

might have caused the transition point to be too high.

The low nominal transition temperature measured in the first

half of the betagammabeta transition cycle of solid PD3 (Fig. 19)

may be due to local heating by laser. (This transition temperature

as observed in the IR experiments is 56t10K.) Although trace E of

the last half cycle can be considered as an indication of state co-

existence, the transition temperature observed in the last half

cycle is still higher than that which observed in the first half

cycle. This may be due to the fact that the gamma phase is thermo-

dynamically more stable and, thus, is farther away from the potential

top than the beta phase is.

The gamma-to-beta transition series in the PD3 -J2 regio

(Fig. 18) looks different from its counterpart in the PH3 42 region.

Note that the strong gamma peak (970 cm-I for PH
3

713.1 cm-I for

PlYamithebetapeaR(972.6ofelforPH3' 714.5 cm-1 for PD
3
) are

farther apart for PH3. Traces B and C of Fig. 18 might actually con-

tain both the beta and the gamma components which were not properly

resolved.
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There is one point in Figs. 15 And 16, which is difficult to

explain. The twn E traces did not contain the same amount of the

supercooled beta phase, despite the fact that they were subjected

to the same thermocycling and were taken at the same time. The

corresponding O4 scan contains even more of the supercooled beta

phase than what trace T of Figure 15 shows.
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VI. THE INFRARED AND RAMAN SPECTRA OF SOLID PHOSPHINE

It is well established that gaseous phosphine molecules belong

to the C3v point group. The fundamental vibrational species of

phosphine are 2AI + 2E. In dealing with solid phosphine the usual

convention of indexing the intramolecular vibrations has been

adopted. Thus the totally symmetric stretching mode is called

the totally symmetric bending mode 02, the degenerate stretching

mode t)3, and the degenerate bending mode A similar convention

has been used for the intermediate species PH2D and PHD2, using

%a
correlation, i.e. the degenerate modes are split into Vk and vk 9

respectively symmetric and antisymmetric to the plane of symmetry.

Natta and Casazza (20) have determined the structures of PH3

and AsH3 at 103°K, using X-ray diffraction. They found PH3 and AsH3

were isomorphous; the unit cell contains 4 molecules, and the heav-

ier atoms correspond to the fcc structure. The unit cell dimen-

sions for PH3 are 6.31 ± 0.01A, for AsH3 6.40 ± 0.02A. The struc-

tures of the beta, the delta, and the gamma phases of PH3 have not

been determined.

The vibrational frequencies of solid PH3 and PD3 in various

phases are presented in Tables I, II, and III.

PH3

The Survey Scans

Figure 20 shows the spectra of the liquid and the alpha phases
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Table I. Vibrational frequencies* of PH3 and PD3 in the gamma phase

PH3 Pll3

Ramnn(19 °K) Infrared(13°K) 0)H/0? Ramah(18°K) Infrared(13 °K)
41 m
45.6 s
57.5 vs

64.3 vs

1.017
1.020
1.065

1.022

40.3 m
44.7 s
54.0 vs
57.8 w
60

62.9 s
70 w 1.062 65.9 w

78.8 s 1.108 71.1 m
86.6 m 1.150 75.3 w

N 92.5 w 1.194 77.5 w
107.4 m 1.225 87.7 m
134.8 s 1.257 107.2 m
146.7 m 1.240 118.3 m
177.7 m 1.302 136.5 m
970 vs 713.1 vs

974.1 s
979 vw 719.4 vw

3 981 vw 721.2 vw
988 vs

992 vvw 991.7 vw
1088 s 783 m
1094.5 w 1093.8 s ".-788 w sh

1099 a 1098.8 w 790.2 s

4 1100.8 s

1101.8 s

1103 w sh
1106 m 795.6 s
2301.5 vs 1668 vs
2303.8 m 2304.2 s 1670.6 w

2307 vw
2308.6 m 1673

2309 w sh
2311.2 vw 1677.8 vw
2312.7 w 2313 vs bd 1679.6 w

2316 m 2316.5 vw 1684

2319.2 w 2319.5 s 1688.3 w
2322.6 s 1690.5 s

715.7a s

725.1 vs

728.7a vw

787.4b s

792.5 s

795.1b m

1670.6 s

1673
1678.3 m

1682.6 vs bd

1686.5 w
1688.4 m
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Table I. (continued)

1433 1429

-1499 w
,-1505 w

1509 a
1514 a

1580
-1573 w

1579.2 s

(1761 + 56) ' -1727

(1683 + 62) -1745
(1671 + 87) 1758

(1671 + 105) 1776

(1683 + 116) 1799

(1683 + 136) 1819

+ 1)3

t

(a+ L)i)**

2

0, 4' 03

2 01

11.01/1111101/M

2399 w

2453 s

2462 s
2466 s
2473 s

(3299)m

3309 m
3313 m
3318 m

3331 w

3348
3352

* frequencies are in cm "'
s strong, m medium, w weak, bd broad, v very,
sh shoulder
a : during this scan temperature rised from 18°K to 38°K.
h : during this scan temperature rised from 34°K to 43°K.

kt lattice frequency

fo, belongs to guest species PH3.
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Table II. Vibrational frequencies of PH3 and PD3 in the delta phase

Pli3 PD3

ilambn(20°K2 Infrared(20°K) Kaman(14 °K) Infrared**
27.5
31.7

37.8

45
48.6

)I 55.8

60.5
66.4

-75
150 hd
969.6 m 712.3 w

970.2 VVg M971.6 vw 712.7 vs
977.7 vvw
974.7 vvw 974.2 715.4 m
976.1 vvw 975.6 716.7 m
977.6 VVW 977 m 0-717.6 vw
979.1 vvw 978.8 -719.1 vw
981 vvw 980.3 720.1 8
983 vvw 982.1 721.5 m
984.1 vvw 983.3 VW
985.4 vvw 984.9 723.6 m

987.3 w
989.6t w

-1093 sh

t)4
1095.5 790 hd

1102.5 bd 1102 m
2300* vs 1669 s

01 2301.2* m 1673.2 s
2302.2* m 2302 1674.5 vw
2310.2* vw 1677.7 vw
2312.8* vw 2312 vs bd 1681.2 vs

1682.7
,m2323* vvw 1684.7 w

3 2322 vw 1686.5 w
2328.5 m 1690 m

1695
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)

II. (continued)

1247*

-1950 vw 1947*

2081

m hd

w

m

2196 S

+ 2447 s

0)421)4 -3185 vw

0)+0;_ -3283 vw 3283 m

1),t0 -3390 vw 3389 s

70

* : taken at 25° K.
** s 02 was recorded at 18°K, 3, and J4 at 13.K..

t : not observed persistently.
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Table III. Vibrational frequencies of PH3 in liquid, alpha, and
beta phases and PD

3
in beta phase

14. -75

PD36

beta phase

PH3

liquidbeta phase j phase

Raman IR Ramant rat. I_ R*

982.6

1104

IR**

w bd

714.5

791

719

793

70

972.6
980.6

------

986.6

1106

1102.5
1100

VsSI

3
---- --
1I,

09

1 V

1665

1684 w bd
V-.

1510

1580

2300.6 a

2313.5w bd

-1940 vw

-3280 vw

,2305

2313

2088

2198

-2310 -2310

2085 2090

2210

3284 -3294 -3299

.1 41to ti

4 1)41

)7-1014

_

2455

2468

.

"5390 vw 3396 3398 3400

3260

3312

3353

** : temperature fluctuated from 142°K to 152°K.
* : in the region, 2085 ere to 2310 cm'' , temperature fluc-

tuated from 120°K to 131°K. For the other bands, tempera-
ture varied from 91°K to 96°K.

t : taken at 64°K.
tt temperature changed from 74°K to 85°K, except the 2313

ere band which was recorded at 59°K.
A except the combination-overtone region which was recorded

at 63°K, the running temperature was about 60°K.
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Figure 20. The infrared spectra of PH3. The liquid cell was used in obtaining these
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Figure 21. The infrared spectra of solid PHA. Each sample was deposited on the CsI window.
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Figure 22. The infrared spectra of solid PH3. The films were obtained by deposition in different runs.
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Figure 23. The Raman spectrum of the beta phase of PH3 containing 0.5% deuterium.
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Figure 25. The Raman spectrum of solid PH3 (with a small amount of deuterium)
containing mostly the gamma phase. This film is different from
the other Raman survey scans of solid PH3.
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Figure 27. The infrared spectra of solid PD3. The sample for the upper and the lower solid traces
was purposely doped with 0.5% PH3. The dotted trace was obtained from a used PD3 sample.
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of PH3. The liquid cell had to be used to obtain the spectra, be-

cause PH3 has too high a vapor pressure at the running temperature

to allow for the use of the deposition technique. The low tempera-

ture cell used was the Cryo-Tip working in the hydrogen expansion

mode. It was very difficult to hold temperature in the liquid-phase

range steady. During the liquid scan, the temperature dropped from

152°K in the bending region down to 148°K in the stretching region,

and 142°K in the combination region.

The temperature profile for the dot-dashed trace of the upper

spectrum is 96°K at the symmetric bending region, 91°K at the dege-

nerate bending region, and 90°K at the stretching region. For the

solid trace of the upper spectrum, the temperature changed from

120°K in the bending region to 126°K in the stretching region. In

the combination region, the temperature was 98°K.

Many impurity absorptions are also shown in Figure 20. Every

effort was made to remove the impurities without success. The same

impurity absorptions persisted in all the runs. The two strongest

background bands at about 1730 cm-I and 2900 cm-1 may be due to the

C0 and CH stretching vibrations, respectively, of some organic

compound such as the stopcock grease, etc. Solid 22H4 has the

strongest absorption at 1050 cm-1 (21). The background did not

seem to indicate the presence of solid P2H4.

In the lower spectra, the weak band at 2090 cm-1 can be as-

signed as 4+ )2, the stronger one at 3400 cm-1 as 04 + 01, and the

weak and broad one at about 3300 cm-I as 1)2 + 03. If the assignment
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of the last two combinations are correct, 01 should occur at about

7296 cm-I and 03 at about 2314 cm-1, taking 985 cm-1 for 02 and

1104 cm-I for 04. The same idea may he used to estimate the posi-

tions of 01 and 03 in other phases whenever they are difficult to

resolve. This method IS rather crude, since the nonfundamentals are

complicated by anharmonicity and dispersion. In the upper spectrum,

the two-quanta absorption of 04 at about 2210 cm-I is better re-

solved. The structure at the high frequency side of the stretching

mode is believed to be the combination of a lattice mode and the

stretching mode.

Shown in Figure 21 are the survey scans of the beta phase and

the delta phase containing about 17. deuterium. During the beta sun.

vey scan, the temperature dropped from 75°K at t72 and 74°K at 04

down to 59°K at the stretching region and 41°K at the combination

region. Comparing the background of Figure 20 with the lower spec-

trum of Figure 21, there is no direct relation between the impurity

absorption at 2900 cm-1 and the rest of the impurity absorptions.

It can be seen that the background is by no means unique to the ex-

periments using the liquid cell.

As the temperature drops from room temperature down to 20°K,

a slight decrease in energies of the four fundamentals is observed.

When a pure system undergoes gas-to-liquid and liquid-to-solid

transitions, the interaction among molecules increases, which is

evidently responsible for the slight frequency decrease. There are

also some changes in the appearance of the bands. As usual, the
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liquid hand structures are broad, due to the random orientation of

the molecules, and a drop in temperature makes the band half-width

smaller, but absorbance at the peak greater.

Although the interaction between 0
1
and 0

3
Is forbidden by

symmetry, the closeness in energies makes it rather difficult to

resolve them. This is especially true when both bands are broad at

high temperatures. They, however, have been resolved at 200K where

the hands are much sharper.

By comparison, the background can be subtracted easily from

the survey scans in Figure 21. The assignment of the bands in the

lower spectra of Figure 21 is the same as that for the liquid and

alpha phases. The features at 720 cm-1, 790 cm-1 1670 cm-1, and

1680 cm-1 of the upper spectra are believed to be the 02, 04, 01,

and 03 of PD3 isolated in solid PH3, which was mostly in the delta

phase. The two weak bands between 800 cm-1 and 860 cm-1 are very

likely impurity absorptions. The weak features at 760 cm-I, 900

cm-1, and 960 cm-1 can be assigned as 02(A9, 04(A9, and 04(A")

of PHD2 isolated in PH3. It is unlikely that the weak band at 880

cm-1 belongs to the 02(A1) of PH2D, in spite of the fact that its

frequency fits the calculated value (the calculation to be shown

in chapter IX). The reason is that Figure 22 shows the same band

with the same intensity. The PH3 sample used in obtaining Figure

22 possessed only the natural abundance (0.016%) of deuterium. The

broad band at 1250 cm-I can be attributed to the combination of

the lattice mode and the degenerate bending mode. The reason for
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excluding the symmetric bending mode in this assignment is that the

highest lattice mode ever observed is only about 150 cm-1. The as-

signment of combinations and overtones are essentially the same as

was previously done except for the structure at 2447 cm-1, which

may be assigned as the combination of the lattice mode (150 cm-1)

and the symmetric stretching mode. The degenerate stretching mode

may also contribute to this combination band, since it is fairly

broad.

The main purpose of adding Figure 22 is to depict some of the

previously-shown combination-overtone bands more clearly. The weak

feature at 1947 cm-I corresponds to 202 which has not been shown so

far. One also unmistakably recognizes the multiplet structure of

the delta phase of 02 in Figure 22.

Figures 23, 24, and 25 are the Raman survey scans of the beta,

the supercooled beta, and the gamma phases of phosphine containing

a very small amount of deuterium. Note that the gamma phase survey

scan was observed to have a weaker background scattering in the

lattice region than the supercooled beta phase one does, although

this is not faithfully shown in Figures 24 and 25 due to the dif-

ference in cts/sec. Another vaguely recognizable difference between

Figures 24 and 25 is in the 03 region. The multiplet structure in

the 03 region (the high frequency-side of the strong 01 feature)

of the gamma phase appears as spikes in the lower trace of Figure

25, whereas the beta and the supercooled beta phases show only one

spike in the same region in Figures 23 and 24. In Figure 25 there
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is not any indication of fine structure in the 07 and 04 regions.

This may he due to the resolution end the scan speed.

The sharp features at 1280 cm-1 and 1385 cm-1 are the result

of the Fermi interaction between 1,1 (tg) and 202 (Cg + Ag) of CO2

As a stubborn impurity. Note that the Intensity ratio of these two

hands is shout 1-to-2. The band at 1680 cm-1 and the very weak one

at 884 cm-1 of Figure 24 are due to the J1(A2) and 02(M), respec-

tively, of PH2D. The other totally symmetric modes, 03(M) at 2320

cm-1 and 04(A0) at 1080 cm-1 (these two frequencies are calculated

in chapter IX) might have been embedded in the respective bands of

of the host sample.

The weak and broad features at 1950 cm-1, 3280 cm-1, and 3390

cm-1 appear, persistently, in these three Raman survey scans. They

have been observed in the absorption experiment and can be assign-

ed as 202, 02 + andand t)]. + 04 respectively. It is noted

that these overtone and combinations are broader than the isolated

Fermi doublet of CO2 mentioned in last paragraph. The width of the

band at 1680 cm-I does not seem to be that of a matrix-isolated

species. It is likely that the broadness of this band is due to

contributions from not only PH2D but also PD3 and PHD2 (for absorp-

tions of PHD2 see the calculation in chapter IX). Note that it is

not impossihle to have small amout of PD3 and PHD2 in the sample

of PH3 containing small amount of deuterium, if the equilibrium

constant for an isotopic substitution reaction of the phosphine

system were entered in the calculation performed in the section on

"preparation of matrix isolated species" in chapter II.
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)7 + 04 and )1 + kappear as shoulders at the low and high frequen-

cy sides of the stretching band. This 0/, corresponds to the infra-

red active one at about 150 cm-1. High resolution scans over the

intermolecular regions of the beta and the supercooled beta phases

did not reveal any further information than that shown by these two

survey scans, i.e., the stronger structure at 74 cm-1 and a very

weak one at 132 cm-1. The plasma emmission accompanying the 51451

excitation line has the strongest component at 521 cm-1 and a much

weaker one at 77 cm-1. Thus the spectrum does not immediately rule

out the possibility of the sample contribution to the band at 74

cm-1.

The upper spectrum in Figure 24 shows four weak features(1440

cm-1, 2700 cm-1, 2748 cm-1, and 3185 cm-1) which have not been re-

corded in the infrared work. The band at 3185 cm "1 can be

assigned as 21)4 +
2

In the molecular frame of reference, the totally symmetric vi-

bration usually causes more distortion of the electron cloud (i e.

larger 60/aq) than the nontotally symmetric ones do. So, the former

generally give rise to more intense Raman scattering. This account

WAS found to be approximately correct for solid phosphine. 01 was

observed to be more intense than the other fundamentals, particu-

larly 02 and 04. (The intensity scales are linearly expressed in

terms of how many counts of scattered photons received per second

by the photomultiplier. The peak height is thus directly proportion-

al to the intensity of radiation scattered by the various modes of

vibrations.) However, as shown in Figure 25, the 02 of PH3 is of
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about the same intensity as 04. In the p phase of PD3 (Fig. 28),

%)4 is even stronger than O2 .

Actually the total intensity(It) of a Raman band for a solid

system does not simply depend on ac4/aqk(the molecular polarizabili-

ty change with respect to the molecular vibrational coordinate), but

rather on aajeCk(unit cell polarizability change with respect to

the vibration coordinate of the unit cell) and some other factors.

It for a molecular system has been derived in chapter 3, reference

22 to be proportional to

A 4 Nn"" 2
V gnu n"n'

where 04 e= frequency of the emitted radiation

ge is degeneracy of the initial state

Nan 25 population of the initial state

44>n"n" c4 e 4T transition moment or polarizabili-

ty matrix element

MK 19429.9cm-1(laser line used in this work)

flunseg. frequency of the transition.

Within mechanical harmonic-approximation, the unit cell polari-

zability cl( is expanded in Taylor series around the equilibrium po-

sition of the unit cell coordinates as

+ ( ad
)e Qi

Qi q

Since d is for Rayleigh scattering, we have for Raman scattering

)"Kr eq -i
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If the crystal structure is known, the Qi's can he expressed as li-

near combinations of the qi's by correlating the molecular point

group to the unit cell symmetry via the site symmetry. Then, the vi-

brational wave function of the crystal can be formulated by the ex.

citon method(23). To determine the Raman tensor(a0d8Q0 for the ith

mode of the crystal, one has to refer to the behavior of the unit

cell polarizability under the symmetry species of the factor group.

Thus, the Raman band intensity for P113 and PD3, whose structures are

still unknown, are affected by so many factors that aqaqi is just

not sufficient to account for the observed relative intensities.

Similarly, the IR intensity of solid can not be simply predict-

ed from the molecular basis too. This will be clear looking at the

following equation(valid for solid with sites of higher than Td sym-

metry) given by Vedder and Hornig(24).

+ 212 NTrlapq2
jhand rd)

cok 3 c 00

where n = refractive index at high frequency

Nem # of molecules per unit volume

E absorption coefficient

AtimEdipole moment of the unit cell.

The maximum information which can be obtained from Raman pola-

rization experiments with crystals requires the use of single crys-

tal samples with well defined directions of the incident and scatter-

ed radiation relative to the crystal axes(25). Since these conditions

obviously cannot be satisfied in the present work, it is interesting

to inquire whether the opposite limit of randomly oriented molecules,
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appropriate to the gas or liquid phase, is of any use in the inter-

pretation. For a polycrystalline sample, it might be appropriate to

consider randomly oriented unit cells. The theoretically expected

depolarization factors for plane polarized incident radiation might

then be

302

F41 45a2 + 402

in which a would vanish for modes which are less than totally sym-

metric in the unit cell, hence 6.0.75, and fist0.75 for the totally

symmetric modes.

Depolarization experiments were performed on all the fundamen-

tals of solid PH3 and PD3. The analyzer was always held perpen-

dicular to the scattering plane, while the incident electric vec-

tor was rotated 90° by turning the half-wave plate 45° . No signi-

ficant changes in either the vibrational frequencies or the inten..

cities were observed for all the intra. and inter-molecular modes

of the delta and the gamma phases of phosphine when the incident

elctric vector was rotated. The depolarization factor of gaseous

AsH3 was found to be 0 for 92 (905 cm-1), 0 for 91 (2113 cm1), 0.6

for 9
3

(2126 cm-1). Thus, the agreement with the expected values

of 0.75 for the E modes, and much less than 0.75 for the Al modes

is good. When the depolarization experiment was done on liquid CC14,

slight deviations from the predicted values were observed. The de .

polarization ratios of 01 (459 cm1), 02 (218 cm1), 03 (760 cm-1

and 790 cm-1), and 94 (315 cm1) are 0.06, 0.39, 0.34, and 0.41,

respectively. The degree of agreement is not so good as that
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observed for gases. In turn, the agreement for solids is too poor

to be compared with that for liquids.

For a pure solid (or liquid) in which hydrogen bonding is

important, there is usually a drastic energy change for the vibra-

tional modes, which is affected by this hydrogen bonding, when the

compounds are condensed. Solid ammonia, water, and hydrogen chlo-

ride all show hydrogen bonding. We present the vibrational frequen-

cy shifts (gas minus solid) for the above-mentioned compounds, and

phosphine and phosphine-d3 in the following table to substantiate

this point.

NH3 ND3 HCI DC1 H2O D20 PH3 PD3

0
1
+134 +101 +166.5 +167 +257 +150 +22 +26

02 -110# -66# - 25 - 32 +13 +11

%)3 +36(?) +55 +536 +350 +14 +16

)4 -19 - 5 +20 +13

# take the average of the inversion doublet.

For the phosphine system, the beta phase data from this work

and the gas phase data from reference 26 are used. The frequen-

cies of HC1 and DC1 used here are the averages of the values given

by reference 27. The frequencies of ammonia and water are taken

from references 28 and 29 respectively. Examining these shifts, one

sees immediately that the hydrogen bonding does not seem to be im-

portant in solid phosphine.
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PD3

The infrared and Raman survey scans of PD3 in the beta, delta,

and gamma phases are shown in Figures 26, 27, and 28. In Fig. 26,

the upper broken trace represents gamma + some delta phase , but

the upper solid trace delta phase as evidenced by the high resolu-

tion spectra of the same sample shown in Fig. 34. Curiously, when

the film in the delta phase was thickened by depositing more sam-

ple, the resultant sample, whose spectrum is shown in the lower

trace of Fig. 26, was apparently converted to the gamma phase. The

main purpose of showing this lower trace (in spite of the noise

level) is to eliminate the background absorption at about 1350

cm-1 from the upper solid trace and to help recognize the sequence

of the delta-gamma transition (best demonstrated in the bending

regions). It also represents the best PD3 sample (containing the

least H) ever made in our laboratory.

The bands belonging to solid PD3 are self-evident. As in the

case of solid PH3, we assign the band lower in energy in the

stretching region to TheThe bands at about 750 cm-I, 900 cm-1, and

960 cm-I are, respectively, the 02(AI), 4(A'), and ?4(A ") vibra-

tions of PHD2. The very weak bands at the low frequency sides of

the 900 cm-1 and 960 cm-1 bands can be assigned to the 02(A9 and

tt(A") of the isolated PH2D species, respectively. The first band

to the right of the stretching modes is the first overtone of 04,

and thd second band to the right is the combination of 02 and 04.

The broad band to the immediate left of the stretching modes is
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clearly the combination of the latter with the intermolecular vi-

brations. The peak maximum is separated by about 120 cm
-1

from the

stretching frequencies, and the width approximately covers the range

of the lattice modes observed in the Haman scattering experiments,

The very weak peak at 1927 cm
-1

is assigned as 204(A") of PHD2 for

two reasons (besides the frequency fit). Its sharpness implies that

it is due to an isolated species. In the next figure, its intensity

increases with the film thickness. This band differs from the other

overtone-combinations in that it is free from the influence of the

intermolecular anharmonicity and crystal dispersion.

In Fig. 27, the broken trace, which represents the film for

all the infrared traces in Fig. 43 and traces C in Figs. 36 and 38,

dot-dashed trace in Fig. 31, and trace D in Fig. 38, serves not

only to represent the delta phase but also to enable subtraction of

the impurity bands from solid trace which represents the film for all

the broken traces in Fig. 40 and trace C of Fig. 33. The thicker

film also contained PH
3
in an amount less than that of PH

2
D. PHD

2

is more concentrated than PH
2
D in this PD

3
film. The spectra of the

absorption bands of these guest species under high resolution re-

peated themselves when their concentrations were reduced in another

run. Thus, no intermolecular coupling of the vibrations of the guest

species was involved.

In addition to the bands discussed in the second paragraph, we

attribute the bands at 980 cm-1 (to the immediate left of the %)



93

(A") of PHD2), 1100 cm-1 (broad and very weak), and 1080 cm-1 to

the )2 and )4 of PH3 and the 04(A9 of PH2D, respectively. The con-

tributions from the )1 and )3 of PH3, the )3(A9 of PHD2 (particu

larly), and the )3(A9 and )3(A") of PH2D drove the band at 2310

cm-1 off scale. This band was resolved in a thinner film containing

fewer isotopic impurities. The overtone and combination transitions

not accounted for as yet are the poorly resolved doublet at 2455

cm-1 04 + )1) and 2468 cm-1 04 + )3), the strong peak at 3312

cm-1 (2)2) and its satellites at 3260 cm-1 (21)4 + 01) and 3353 cm-1

(2)3).

Fig. 28 shows the Raman spectra of the gamma and beta phases.

The overtones shown only in the upper trace are 2)1 at 1433 cm-1

and 2)4 at 1580 cm-1. Three obvious changes occurred as the solid

changed from the gamma to the beta phase. The crystal became dis-

ordered as indicated by the broadening of the bands. The merging

into one broad feature of the lattice spectrum is compatible with

the PH3 scattering experiments. The scattering cross section of )4

increases relative to that of TheThe opposite is found in the PH3

experiments.

The spectra in Fig. 28 show the bending fundamentals of PHD2

but do not show the Raman shift due to the c4(A ") of PH2D, which

should have occurred at 955 cm-I. The 60°K- and 14°K-scans in this

figure were obtained from the same film. Since a scan with 2 cm-1

slit width and 500 counts per second sensitivity at 60°K did not

reveal any scattering of PH2D, it is very unlikely that the 2310
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cm'l structure taken at 14°K with the same slit width but with 400

times less sensitivity have any contribution from the )3(A') and

iyAr) of PH2D, even though the stretching vibrations usually have

larger scattering cross sections and lowering the temperature can

usually intensify a band.

The High Resolution Scans

PH3

Figure 29 shows the IR spectral variation of the delta 2 as

a function of deposition condition. All the traces in this figure

and the infrared trace in the following figure were recorded in

different runs. There are noticeable differences in spectra due to

changes in the deposition techniques. It appears that the slowly-

and-continuously-deposited (at sufficiently high temperature),

solid sample (trace A) is not so well crystallized as that depo-

sited in short spurts (trace C). Film A and C, particularly the

former, contained the gamma phase, and the existence of a small

amount of the gamma phase in the delta phase might have affected

the spectroquality. Note that film B contains the least amount of

the gamma phase. It seems fair to conclude that slow deposition at

an elevated temperature tends to give rise to a higher concentra-

tion of the gamma phase in the delta phase.

The existence of the gamma in the delta host was recognized

by the gain in intensity of the 974.1 cm-I band (the second peak

from the right) and the addition of the 988.0 cm-1 band (the second
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Figure 29. This figure shows the IR spectrum variation of the v2 mode

of solid PH3 with respect to deposition temperature and

technique. For trace A the film was deposited at 74°K slow-

ly and continuously, trace C in the range of 55°K to 46°K

during cooldown in quick spurts. Trace B was taken by warm-

ing the film shown as trace C in Fig. 11 up to 53°K and

then cooling immediately down to 13°K.
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Figure 30. A comparison between the infrared(upper) and the Raman(low-

er) spectra of the v9 mode of the 6 phase of PH3 . The IR

sample contained 1% deuterium. The two A traces were taken

from tne same film and represent the same phase. Trace C is

the blown-up version of trace E, Fig. 16.
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Figure 31. A comparison between the IR and the Raman spectra of the
v2 mode. of the d phase of PD3. The two Raman spectra were
taken from the same film and the two IR traces from dif-
ferent film.
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Figure 33. The infrared and the Raman spectra of the symmetric
bending mode of solid PH3 in the gamma phase(A) and
mostly gamma phase(B). For trace C, the PH3 molecules

were isolated in the gamma phase of PD3 purposely

doped with 0.5% PH3.
3

99



T=18° K
8° 0.7 cm 1 slit1/

\ l' C , \
1 \ /

\ I 1

v I
/ s. /

I

0
LI)

V

\ 60° K

cn

0.9 cm-1 slit
0.7 cm1 slit

18°K

500 ctssec
1.5 cm -4 SBW
T=62° K

730 725

700 cts/sec
1 cm-1 SBW
T=18° K

I

/

720 715 710

100

FREQUENCY (CM 1)
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Figure 37. The infrared and the Raman spectra of the two stretching

modes of solid PH3 in different phases. For traces A and

C the films were mostly in the gamma phase, trace B most-

ly in the frozen beta phase, trace B mostly in the delta

phase. Trace E was taken in a different run in which the

film was completely in the beta phase.
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Figure 38. The infrared and the Raman spectra of the two stretch-
ing modes of solid PD3 in different phases, traces A

and C the gamma phase, trace B the beta phase, trace D
the delta phase.
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peak from the left of trace A). The gamma phase 02 is shown in

Figures 10, 11, and 33. Since the 988.0 cm-1 band of the gamma

phase 02 is at least as strong as the 974.1 cm-1 one, the second

peak from the right of trace A in Fig. 29 cannot be solely attri-

buted to the gamma phase. In other words, the delta phase 02 also

absorbs energy at 974.1 cm-I. Thus, it seems that trace B of Fig.

29 best represents the delta phase 02 (because the band at 988.0

cm-I almost completely disappeared), while trace A and C of the

same figure represents the delta phase plus a small amount of

the gamma phase.

HH disagreed with SO concerning structure of phosphine below

10°K. From their infrared work, HH believed that phosphine exists

in still another phase below 10°K. But SG's observation showed that

both the delta phase and the gamma phase extended from 30.29°K and

49.43°K, respectively, down to 0°K. Our 4°K-experiment was carried

out mainly to clarify this point. The 4°K scan in Fig. 29 supports

SG's observations. Another purpose of running the 4°K experiment

was to see if the relative intensity of the features in the symmet-

ric bending region changes as the temperature is lowered, assuming

that the crystal structure remains the same. This relative inten-

sity change, if any, could cast some light on the interpretation of

this structure-rich-02. Although trace A and C of Fig. 29 were not

taken from the same film they both contain a small amount of the

gamma phase. It would be more sensible to compare A with C for this

purpose. The relative intensity change was slight but detectable.
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As temperature dropped from 20 °K to 4°K, the 982.1 cm-I and 977

cm-I bands became more intense with respect to the 980.3 cm-I and

978.8 cm-I ones, respectively.

The structure of the symmetric bending mode presented here re.

sembles the ones given by HH and Francia (whose excellent resole-

tion resolved the peak at 974.2 cm-1 into two). Our frequencies in

this region agree with theirs within 1 cm-I. This slight discrepan-

cy can be accounted for by the instrument calibration. HH did not

report the very weak feature at 983.3 cm-1. From the absence of the

weak feature at 988.0 cm-1 and the relative intensity of the dou-

blet at 974.2 cm-1 and 975.6 cm-I, it is concluded that both HH and

Francia's films contained no significant amount of the gamma phase.

A comparison between the infrared and the Raman spectra of the

symmetric bending mode of the delta phase is given in Fig. 30. In

this figure, trace C is the blown-up version of trace E, Fig. 16.

Unequivocally, the weak Raman features are not noise. There seems

to be agreement between the infrared and the very weak Raman bands.

In Fig. 32, the broken trace was obtained using the specular

reflection optics described in page 23. This experiment was per-

formed with the goal of doing the IR absorption and the Raman scat.

tering simultaneously, i.e. as soon as a given phase of the solid

PH3 slab was established in the IR, an investigation of the same

phase was to be carried out in the Raman, immediately. Unfortunately,

the cell leaked and all of the sample evaporated during the cell-

transferring process. (Without this one-to-one correspondence of
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riment could still be established (please see chapter V).) In con-

nection, we mention the technique of obtaining a thin film for the

IR, but a thick slab for the Raman on the same substrate. The trick

is to deposit the sample on the surface opposite to the one on

which the IR beam will fall (please refer to Fig. 2). During

the process of deposition, it was observed that some sample did

go around the parallelepiped substrate and deposited on the IR-sur.

face. Comparing the two traces in Fig. 32, one conclusion may be

drawn. The choice of substrate (shiny aluminum or CsI) does

affect the crystal structure to some extent. This specular reflec-

tion spectrum was obtained from a film deposited at high tempera-

ture in quick spurts. The only difference between this film and

other ones deposited on the CsI window with the same technique

would be the gamma phase content, which is higher for the former.

Shown in Fig. 33 is a comparison between the Raman and the IR

spectra of 02 in the gamma phase. Among the bands of trace B, only

the two strong ones and the weak one at 991.7 cm-1 belong to the

gamma phase. The weak doublet at the middle of the spectrum can

not be due to the gamna phase because it broadens out in 28.5%.

28.7°K (the nominal delta-beta transition point), and, also, be-

cause the 02 of the gamma phase of PD3 in Fig. 34 does not have

this doublet.

Trace C of Fig. 33 represents the 02 of PH3 isolated in the

gamma phase of PD3. (A complete conversion ofthe PD3 host into
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the gamma phase was indicated by the appearance of the two strong

bands in the 02 region.) The oscillating dipole of the 02 of the

guest PH3 molecules was believed to he decoupled from those of the

host, since they are too far apart in energy (260 cm" from the 02

and 700 cm-1 from the 01 of the host). In other words, these PH3

molecules see only the electrostatic environment but do not inter-

act dynamically with their isotopical neighbors in the primitive

cell of the host solid. Therefore, the factor group splitting can-

not occur for any of the vibrations of these guest molecules, and

the existence of the doublet for this 02 vibration would have to

be attributed to the site effect.

The concentration of the guest molecules has been reduced in

order to make sure that each guest molecule is well isolated by the

host ones. Nevertheless, the doublet persisted. Therefore, the

splitting must not be due to the residual interaction among the

guest molecules.

The splitting of a non-degenerate vibrational band of PH3 iso-

lated in its isotopical host solid PD3 may be attributed to non-

equivalent sites. If, in a perfect molecular crystal, the molecules

reside at two distinct kinds of sites of either the same symmetry

or different symmetries in a unit cell, then the nondegenerate vi.

bration of an ideally isolated isotopic molecule in the same lat.

tice can exhibit two bands.

It appears, from trace B of Fig. 33, that the isolated mole-

cule "found" that the other nonequivalent site in the same unit
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cell was occupied by another molecule of its kind, and they have

something in common (their first excited states of the 02 mode are

close). Therefore an interaction occurs between these two states.

Since a unit cell can be treated as if it were a molecule in deal-

ing with a pure solid system, this interaction resembles the fa.

mous Fermi resonance, existing within a molecular system in which

the enharmonic (or the interaction) term in the potential energy

expansion causes two excited vibrational states of the same symme-

try to perturb each other.

Upon examination of the B and C traces of Fig. 33, it was

found that the center of gravity was at 980.9 cm -1 before trigger-

ing the interaction and at 981 cm-1 after (assuming equal intensi-

ty for the two strong gamma peaks). This suggests that the inter-

site Fermi resonance might have occurred in the gamma phase. Pro-

vided that this was true, we solved the following secular equation:

= 0

where WI and W2 are, respectively the unperturbed angular fre-

quencies, 2wc(979.6 cm-1) and 2Wc(982.8 cm-l); f the interaction

constant; to the perturbed angular frequencies, 21Tc(974.1 cm-I) and

211c(988 cm-I). When the latter is put back into the secular equa-

tion separately, two different interaction constants are obtained:

4.79 X 10-14 sec-2 and 4.68 X 10-14 sec-2. There is a 2% difference

in these interaction constants. This difference can be accounted
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for by the interaction among the translationally equivalent mole-

cules throughout the whole crystal. Designating this intermolecular

interaction constant as fii and including it in the secular equa-

tion, we have

(.0 f (42
1 11 -

f12

fl2

WZ +
'22

,,2
0

Assuming the fli's are negligible, we have solved the simpler

secular equation and obtained two eigenvectors :

(0.78, -0.62) and (0.62, 0.78) .

These two vectors form the row space of the following C matrix

Q1 0.78q1 - 0.62q2
Q Cq or

Q2 0.62q1 + 0.78q2

where q1 and q2 are the unperturbed coordinates, and Q1 and Q2 the

mixed ones. C-1 Ct, since the coordinate transformation is ortho-

gonal. Therefore,

q

1

0.78Q1 + 0.62Q2
q C-1Q or

q2 -0.62Q1 + 0.78Q2

From this equation, the intensity ratio of the two perturbed bands

can be calculated. The intensity of an absorption band of a solid

system is given by the equation in page 88. Thus,

( a std IL_ 4. a a
I(%) a Q21 (1, aG2 /2 a Qz

a Q, \ 1, a Q, a L aol
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+0(210a
?At

Q1 a Q2 a gijoz , where a "
m-

aQ, aQ,/ ag

(0.62 + 0.78M)2

(0.78 . 0.62M)2

73 a was observed to be (1.03)2

The observed intensity ratio is about 3. This very large dis-

agreement of the predicted and observed intensity ratio for the

coupled modes in the unit cell assumes that the transition dipole

moments at the two sites are parallel, and is of course sensitive

to the frequency spacings. Nevertheless, it forces one to search

for a more probable explanation of the doublet due to PH3 isolated

in y-PD3, particularly because there are plausible models for the

y-phase structure which require only one site, which explain the

overall spectrum reasonably well, and in particular, account well

for the spectra of PH2D and PHD2 isolated in PD3.

The spectra of the degenerate bending and stretching vibra-

tions are presented in Figs. 35 and 37. Traces C in these two fig-

gures were taken right after trace C in Fig. 11, and trace D in

Fig. 35 immediately after trace A in Fig. 11. Traces A and B in

Fig. 35 were taken successively from different domains of the same

film, and trace E from a different film than traces C and D. The

1094.5 cm -1 and the 1102 cm-1 bands of the Raman specta are very

likely real, although the plasma lines at 1101 cm -1 and 1094 cm-4

have peak heights of 6 and 3 respectively (please refer to page 31
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for the plasma lines and their peak heights). First of all, the ob-

served ratio of the intensity of the 1102 cm-1 peek to the intensi-

ty of the 1094 cm-1 peak is much greater than 2. Therefore, the

1102 cm-1 band cannot be completely due to the contribution from

the plasma line, if at all. Secondly, when the solid was transform-

ed to the beta phase and the spectrophotometer was set at a slight-

ly higher sensitivity, these two peaks did not show on the top of

the broad structure of 1)4. On the other hand, the 77 cm-1 (peak

height 21) and the 117 cm-1 (peak height 26) plasma lines accompa-

nied the lattice spectrum persistently while the 161 cm-1 (peak

height 3) plasma line did not appear at all.

All of the Raman high resolution scans of the gamma phase of

PH
3 were obtained from the film represented by the survey scan in

Fig. 25. Since the latter shows the existence of the intermediate

species, it is desirable to see if the latter complicates the high

resolution spectra of PH3 or not. The fundamental regions, which

may be complicated, are the stretching ones. In another high reso-

lution scan (not shown and taken from the same film as trace A of

Fig. 37) over the stretching regions with 1 cm-1 spectral band

width and as low a sensitivity as 150,000 counts per second, exact-

ly the same spectrum as trace A of Fig. 37 was obtained. Comparing

this scan with the survey scan in Fig. 25, it is clear that the

weak 1670 cm-1 band of the intermediate species in the survey scan

will not be detected as the sensitivity decreases more than seven

times. Therefore, it is concluded that all the bands of trace A in

Fig. 37 are due to PH3.
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In this paragraph, we elucidate that the y-Raman spectra are

essentially free from the delta phase interference, but the y-IR

ones are not. (All of the IR high resolution scans of the y phase

were consecutively recorded from the same film, and all of the

Raman ones from the same domain in the same film.) The amount of

the residual 8 phase in the particular domain focused on by the la-

ser can be estimated from the very weak band at the low energy side

of the strongest one in spectrum A of Fig. 37. It is almost negli-

gible. The Raman 0
3
region of the y phase is free from the 6 phase

interference, since 03 in Raman is much weaker than FromFrom trace

C of Fig. 11, it can be easily seen that the IR -y -film still con-

tained some amount of the 6 phase. However, in the IR 04 and the

stretching regions (especially in the former) it is hard to discri-

minate between the contribution from the residual 6 phase and that

from the predominant y phase. The weak shoulder at about 2302.8 cm-I

may be due to the 6 phase. The 2329 cm-1 band of the IR t>3 is

likely due to the 6 phase too, since its intensity depends on the

6 phase concentration. The slight change in energy can be caused by

the temperature difference and/or by the adding of a small Gaussian

curve to a strong one.

It is difficult to draw a demarcation between J1 and in

the Raman stretching region of the y phase (trace A , Fig. 37). The

Raman spectrum of *2 shows at least one strong and two weak peaks.

One expects the same thing to happen in the 01 region. This is why

we assign the 2308.6 cm-1 peak to 01 instead of 3. This assignment
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Allocates five Raman bands to 03, in parallel with the assignment

in the 04 region done in the last paragraph in page 111. In the IR

stretching region of the y phase (trace Co Fig. 37), we tentative.

ly assign the strong band at 2304.2 cm-1 and the very weak one at

2307 cm-1 to 0
1'

and the rest (except the 6 phase contribution at

2329 cm-I) to 03 (please see Table I).

Trace D, Fig. 37 and trace H, Fig, 15 show, respectively, the

IR and the Raman spectra in the stretching regions of the 6 phase.

In the IR trace, the band lowest in energy is assigned to 01 and

the other bands to 03. In the Raman spectra, the three sharp bands

most likely belong to 0, and the weak and broad ones to It It is

possible that some of the 01 modes are embedded in the broad 03

one, and vice versa. It is noted that this IR-6 film is too thick

to resolve the fine structure in the stretching regions. With a

higher resolution and thinner film, Francia resolved more compo-

nents in this region than we did,

In the delta phase, there exists a similarity among the funda-

mental molecular regions. That is the nondegenerate bands are

sharp but degenerate ones are quite diffusive. Another similarity

is the Raman-IR coincidence. Although it is difficult to find so

many coincidences in the 01 region as in the 02 region, it is true

that in both )1 and 02 regions the strong IR band agrees with the

weak Raman feature. There seems to be some agreements in the %)3

and 04 regions also.
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The spectra of all the fundamentals of the beta phase agree

in the broadness of the bands. The broadness indicates that the be-

ta phase is disordered. For a disordered solid, one naturally ex-

pects the Raman frequencies to agree with their counterparts in the

infrared. (In Figs. 35 and 37, the Raman spectra of the t)4, 1)1, and

J3 of the beta phase were not shown, because they are not appre-

ciably different from those of the supercooled beta phase.) Compar-

ing the B traces with the E traces of Figs. 35 and 37, one sees

that this is not true for t)
1

and I)
4' but is approximately true for

03. The disagreement is even worse for 1)2 (please refer to Figs.

11 and 13). The table in page 28 shows that Savoie and Anderson's

Toronto-arc-Raman frequencies in the intramolecular region of crys-

talline HC1 at 10°K are slightly lower than our laser-Raman values

obtained at 16°K. Thus, a slight up-stream shift of. the Raman )4

frequency from the IR one in the beta phase (and, perhaps, in

other phases too) might well be due to our Raman sampling optics

(please refer to Fig. 3). However, for the and vibrations of

the beta phase, the Raman frequencies are lower than the corres

ponding IR ones. Later we will point out that the Raman frequencies

of the 2, and J4 of the beta phase of PD3 are also lower than

the corresponding IR ones. So, it appears rather difficult to ex-

clude any relationship between these lower Raman frequencies rela-

tive to the corresponding IR ones and the low temperature Raman

sampling optics that we used.

From the comparison between the infrared and the Raman spec-
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trn of the four internal fundamentals of the gamma phase in Figs.

33, 35, and 37, it seems possible that the gamma phase is not cen-

trosymmetric. For a crystal with inversion symmetry, the mutt:.

al exclusion principle must be obeyed. And there cannot be any

coincidence between the Raman and the infrared peaks. Our gamma

spectra seem to indicate some Raman-IR coincidences in every funda-

mental region. Apparently, there is one coincidence in the 02 region

(Fig. 33), i.e. the weakest band at the highest energy (992 cm-1).

The apparent coincidence in the 01 region is between the strong

(rather than weak) IR peak and the weak Raman feature at 2304.2

cm-1. Modes of the same symmetry in the molecular point group have

to generate the same number of vibrations with the same symmetry

in the unit cell. (This will be illustrated with correlations in

a later chapter.) So far as the number of Raman-IR coincidence is

concerned, the Al-type molecular fundamental regions are compatible

with this rule. For the E-type molecular fundamental regions, this

rule appears to hold too. The coincidences at 2312.7 cm-1, 2316 cm-1,

and 2319.2 cm-1 (all are Raman frequencies) appear to be true. In

the 04 region there seems to be only two, instead of three, coinci-

dences. They are at Raman frequencies 1094.5 cm-1 and 1099 cm-1.

It is possible that part or the entirety of the above-mention

ed Ramani.IR coincidences are caused by our particular Raman sampl-

ing technique. Therefore, we do not intend to rule out the proba-
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bility that the gamma-P113 is centrosymmetric. Another possibility

is that either the Al-type molecular fundamental modes or the E-

type ones have Raman-IR coincidences. Because it is possible that

the symmetries of the site and the unit cell are such that the E

species of C3v is correlated via site symmetry to the unit cell

species active in both infrared and Raman, but the Al species to

either Raman or infrared active species, or vice versa.

We have noted that the beta phase is disordered before. From

the sharpness of the fundamental bands, the gamma phase is easily

recognized to be ordered. Whether the delta phase is ordered or

not is difficult to tell solely from the appearance of the spectra

of the fundamentals. The high resolution scans of J2, both in the

infrared and in the Raman experiments, show unequivocally that the

delta phase is ordered. The Raman stretching spectra seems to favor

this concept, which is further supported by SG's work. They extra-

polated the entropies of the delta and the gamma phases to zero as

the temperature approached zero degrees Kelvin. This means that,

for both the delta and the gamma phases, the thermodynamical pro-

bability, P, in the following equation (30) is one.

g R In P Nk In P = k In PN

where g is the entropy smoothly extrapolated to T so 0 and is not

necessarily the entropy at T 0. Therefore, the phosphine mole-

cules in the delta and gamma phases assume only one orientation as

the temperature approaches zero degree Kelvin. These two phases
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are thus perfect crystals. We do believe the delta phase is order-

ed, although the infrared high resolution scans of the J4 and the

stretching vibrations seem to indicate the opposite. The Raman

scan of the 04 of the delta phase, which appeared to be almost the

same as that of the supercooled beta structure and was, thus, not

reproduced here, also suggested disorder.

PD3

The 02 spectrum of the delta phase of PD3 is shown in Fig. 31.

We were able to produce the solid infrared trace only in one expe-

riment using the hydrogen expansion Cryo-Tip. After the more conve-

nient Displex Cryogenic Refrigerator was available, this multiplet

structure was never repeated with the same deposition technique

even at lower temperatures. The dot-dashed infrared trace is one

of the unresolved delta TheThe two Raman traces were recognized

as the delta phase J2 towards the end of chapter V. Besides the

slightly larger band half-width of the main Raman feature and the

unresolved trace, the J2 spectra of the delta-phase-PD3 closely

resemble those of PH3 shown in Fig. 30. This similarity confirms

our previous conception of 02 of the delta phase.

Fig. 34 shows mainly the beta and gamma phases of PD3 in the

O2 region. The Raman traces in this figure were taken from the

same film. After trace C of the same figure had been recorded, the

film was reinforced and subjected to a few thermocyclings. Then

trace D, which represents the same film as the solid lower spectrum
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of Fig. 26, was recorded. During the D trace scan, the Cryo-Tip was

deplugged temporarily, and the temperature dropped down to 18° K at

the second-strong peak. In the strongest band region, the tempera-

ture increased from 30° K to 35° K. Trace E was taken in another

run.

In several other infrared high resolution scans of the y phase

at 13° K, two weak shoulders, one at the low energy side of the

strongest band and the other at the blue side of the second-strong

band, appeared persistently. But the weakest band at 728.7 cm-1 did

not appear at all. These two strong bands were observed at 716 cm-1

and 724.5 cm-I, which agreed with the values listed in Table I

within experimental uncertainty. These scans resembled trace B of

Fig. 33 except the two weak bands on the sides and the four bands

at the middle, and seemed to indicate that the solid was not so

well crystallized as that represented by trace D in Fig. 34.

An overall agreement between the 02 spectra of y-PH3 and that

of y.1133 is manifest, although small and apparent differences

exist. The marked differences are the band half-width of the strong

Raman bands and the absence of a doublet from the infrared spectrum

of y -PD3. The latter point further confirms that the infrared

film of y-PH3 still contained some delta structure. The intensity

ratio of the strongest infrared band of the gamma phase of PD3 to

the second-strong band was calculated to be about 3. This ratio

should remain the same for PH3. As shown in Fig. 33, the ratio for

PH3 containing some delta phase is less than 3. It is observed from
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Fig. 10 that the intensity of the strongest band increases at a

greater pace than that of the second-strong band. Therefore, it is

likely that the ratio of 3 Will be kept as all of the PH3 sample

is converted into the gamma phase. In spite of the slight discre-

pancies, the following agreement makes us more confident in our

assessment of y-J2 . Its Raman spectrum consists of at least

one strong and two very weak bands. (The Raman scan of Y-PD3 was

not extended to the region corresponding to the weakest band of y-

PH3 at 922 cm-1. Therefore, the existence of the latter band in 02

of Y-PD3 is still uncertain.

In the Raman spectra of PH3 and PD3, the strongest 02 bands

of the gamma phase agree with those of the delta phase within ex-

perimental error. In the )
2 3

repion
'
these two phases differ only

in the structure at the high frequency side of the strongest bands.

In the infrared spectra of PH3 and PD3, the second-strong band of

the gamma phase coincides with one of the many sharp features of

the delta phase, while the strongest and the weakest ones find no

counterparts in the delta phase.

When solid PD3 was transformed from beta to delta, the center

of gravity of ?2 (at 719 cm-1) was preserved . This is also true

in solid PH3 (see Fig. 11). However, the center of gravity of )2

was shifted up higher to 722 cm-1, as solid PD3 underwent the beta-

to-gamma transition. Again, this is in parallel with the PH3-obser-

vation (see Fig. 10). However, in the Raman experiment,the band cen-

ters of the beta phase of both PH3' and PD3 were shifted towards
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blue with respect to the strongest bands of the delta and the gam-

ma phases (see Figs. 13, 16, 18, and 34).Perhaps, this abnormal

band-center-shift in the scattering experiment is related to our

particular sampling optics.

Fig. 36 shows the
4

spectrum in the Raman and the infrared.

No Raman high resolution scan over the O4 region of the supercooled

beta, the beta, or the delta phase has been recorded. The Raman

frequency of 04 of the beta phase reported in Table 3 was taken

from a survey scan and, so, may be in error slightly because of the

scan speed and the scale contraction. Although the dot-dashed trace

in Fig. 36 was taken with the Displex refrigerator which is more

capable of freezing-in the solid sample, the dot-dashed infrared

trace, Fig. 31 recorded along with this 4 trace indicates that

the latter trace does represent the delta phase. Note that the

Raman scan over the 04 region of PH3 showed before that no appre-

ciable difference exists among the beta, the supercooled beta, and

the delta phases. A 04 scan taken immediately after trace C in Fig.

34 showed no appreciable difference either.

Thus we will concentrate only on the gamma phase. Trace B of

Fig, 36 was recorded immediately before trace D of Fig. 34 when the

Cryo-Tip was plugged. At the peak lowest in energy, the temperature

was 34° K, at the middle peak, 29° K, and at the weakest peak, 43°

K. Several gamma-04-scans taken from the same film as trace C con-

firmed that trace B represents the best crystallized film. The gam-

ma spectra of 02 (traces A and D of Fig. 34) imply that the films
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from which traces A and 13 of Fig. 36 were taken did not contain any

delta phase which is rather unstable with respect to the gamma

phase. The Raman intensity pattern in the 04 region of solid PH3,

which contained the gamma phase, almost completely, does not appear

to be exactly the same as that of PD3, but the number of peaks is

actually the same. The asymmetric band, 795.6 cm-1, of PD3 can be

resolved into at least two Gaussian curves. Thus, including the

weak shoulder at 788 cm-I, there will be five bands in the Raman 04

region. The infrared spectrum of PD3 can similarly be supposed to

consist of four components (like PH3), if one believes that the

slightly asymmetric middle feature conceals an unresolved shoulder.

Within experimental error, there possibly are two coincidences bet-

ween the Raman and the infrared bands in the 04 region of gamma-PH3.

Referring to the coincidence pattern in PH3, it is very likely that

the strongest infrared band in 04 of gamma-PD3 coincides with the

weak Raman shoulder at about 788 cm-1. Invoking the asymmetry of the

second-strong infrared band, the second coincidence might well be

between this asymmetry and! the middle Raman band. This is again

very likely , because 4 of gamma-PH3 exhibits a similar coincidence

(see Fig. 35). We have mentioned that there seems to be three

coincidences in t)3 of gamma-PH3. There may also be three coinci-

dences in k)4 of gamma-PD3, if the asymmetry of the Raman band high-

est in energy is actually a hidden shoulder.

In the stretching region, one expects that t1(A1) will have the

same number of components as t)2(A1) and that i)3(E) will have the
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same number of components as )4(E). Of course, one may not resolve

as many components in one region as the other and since ), is

close to )
3'

it may be more difficult to recognize the components

associated with )1 and )3 respectively. From our experience with )2,

we might expect three or four Raman components of )1 and four or

five of )3. According to the intensity pattern of the Raman spec-

trum in the )3 region of gamma-PH3, it is most likely that the

first five features from the left of trace A, Fig. 38 belong to )3,

but the shoulder at the low frequency side of the second-strong

band in the group is probably not due to PD3. In order to be com-

patible with the one-strong and two-very-weak pattern in the Raman

)2 region, the first three bands from the right are assigned to )1.

Next, we want to elucidate that the scattering of the interme-

diate species does not significantly complicate the stretching re-

gion of gamma-PD3, although their existence in the PD3 is not negli-

gible. Our calculation (to be presented later) shows that the )1

(Al), )3(A"), and )3(A9 of PHD2 absorb energy at 1668 cm-1, 1675

cm-I, and 2320 cm-I, respectively. We have concluded previously

that the survey scan of the gamma phase of PD3 (upper solid trace

of Fig. 28) was free from the PH2D interference. The Raman stretch-

ing scan in Fig. 43 was recorded immediately after trace A of Fig.

38. The 2305 cm-1 band in Fig. 43 would have been 25 times weaker

than it was (i.e. almost twice as intense as the weak band at

1670.6 cm-1 of trace A in Fig. 38), if it were scanned at a sensi-

tivity of 50,000 counts per second. Assume that the 2305 cm-1 band
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in Fig. 43 is the 3(A') of PHD2. Then, since in the Raman effect

vibrations of Al type may have a larger scattering power than those

of the A" type, it is reasonable to say either the weak band at

1673 cm-1 or the very weak one at 1677.8 cm-I is due to 03(A")

which can also be masked by the host band at 1679.6 cm"I. The t)i.

(AI) band is very likely embedded in the strongest band of t)i, of

the host solid. We know definitely that none of the bands in the

Raman stretching region of PH3 belongs to PH2D (not to mention

PHD2). We are therefore inclined to believe that the 03(A") of PHD2

is embedded in the host band in order that the PH3-spectrum-pattern

in the stretching region be preserved in the PD3 spectra.

We believe that none of the components in traces C and D, Fig.

38 depends on the intermediate species to any significant extent

either. The reason follows. The sample represented by the lower so-

lid film of Fig. 26 contained much less of the isotopic impurities

than that represented by the broken film of Fig. 27 did. The inten-

sity pattern of the stretching spectrum obtained from the former

sample was observed to be exactly (with two trivial exceptions, see

below) the same as that obtained from the latter sample,in the same

phase (i.e. trace D, Fig. 38). If any component in spectrum D, Fig.

38 depended significantly on the isotopic impurities, the relative

intensity should have changed. It is possible that the absorptions

of the intermediate species are embedded in the host ones.

The above-mentioned stretching spectrum,obtained from the up-

per solid film in Fig. 26 (same batch of sample as the lower solid
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trace in the same figure),was recorded immediately after trace C

of Fig. 34. Therefore, trace D of Fig. 38 represents the delta

phase, although trace C of Fig. 36 indicates disorder. The two ex-

ceptions accompanying this stretching spectrum were the absorptions

of water which combined the third and the fourth bands from the

left of the broken trace in Fig. 38, and which made the asymmetry

at the high energy side of the second strong band from the right

of the same trace stand out markedly. Thus, trace D of Fig. 38 ap-

pears free from water interference. So is trace C of the same fi-

gure, since they were taken from the same film and in the same run.

In the infrared stretching spectrum of gamma-PD3 (trace C of

Fig. 38), the first two bands from the right are assigned to 0
1

in

parallel with the observation in
2'
and the rest to

3'
As to the

assignment over the same region of delta-PD3, the demarcation bet-

ween
1 3
and 0 was tentatively drawn and shown in Table II.

The Raman-IR coincidence in 03 of gamma -PD3 resembles that of

gamma-PH
3

in the following sense. In both cases, it is the second

Raman peak from the left, which coincides with the first strong IR

peak from the left. Moreover, the strong and broad IR hand is in

close coincidence with either the third (PD3) or the fourth( )113)

Raman peak from the left. The third coincidence for the gamma phase

of PD3 seems to occur at the third IR peak from the right and the

fourth Raman peak from the left. Thus, gamma-PD3 might have three

Raman-IR coincidences as the gamma-PH3 does. In contrast to the t)

region of the same molecular symmetry, there may be two coinci-



dencea between the two weak Raman and the two strong IR bands in

$), of gammia.P01. In gamma-PH3, we observed coincidence between

strong IR and weak Raman bands also, but the number of coincidences

was only one.



VII. COMBINATIONS AND OVERTONES

When photons excite vibrational modes of a crystal system,

the former,are actually interacting with the optical phonons of the

Crystal. This interaction can be expressed by dispersion curvess
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photon dispersion

optic branch

acoustic branch

K

The optic branch intersects the photon dispersion at k= 0 ;

mince, for photons, Wei ck (c me the speed of light), and the slope

of ca-vs-k, Is very large. Therefore, in the experiments where light

interacts with the vibrational normal modes, we require 2: K. g...1 0

where I indexes the normal modes, i.e., we require that vibrations

be in phase throughout the whole crystal.

Now, for the excitation of two optic phonons, one quantum each,

by the incident photon, it might happen that these two phonons, O'a

and 4 of the alpha phase of PH3, for example, have the following

highly schematic dispersion.



For the combination vibration of and Olt to be in phase throughout

the whole crystal, one would have to pick a positive value of k

for 04 to be combined with the negative k of i,or vice versa.

Moreover, Kittel (31) showed that 4)0464:-17 where a(w) is the

density of states (or modes of vibration) and y is the group velo-
$

city, which is the velocity of energy transmission in the medium.

Vs is also equal to 11. Thus the arrows in the dispersion are

drawn to the flat portion of the curves at which the two op(w)/s have

their singularities and, in turn, the combination transition will

he the most intense. One, also notices that the arrows may sweep

to cover the neighborhood of singularities where the 00CcuYs are

Still great, while keeping the total is, zero or almost zero. The

Upshot of the argument is that the observed combination in the

crystal can be close to or even greater than the sum of the funda-

Mentals involved, in spite of the fact that the inter- and intra-

molecular anharmonicities are usually negative (the major exception
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'loinr the alkali halides). The observed value of )1 + 0 of the

alpha phase, as en example, is quite close to the Rum of Oi and 04

The sum is even closer in the beta phase. Moreover, the bands will

become broad, because the t vectors can vary continuously across the

maxima. Of course if the fundamental modes are not widely dispersed,

the breadth of the two phonon spectrum will be small.

In the overtone region a similar situation exists. In the

following figure,

W
,cphoton dispersion

2nd excited state

1st excited state

we have the enharmonic first overtone, whose energy is slightly

lower than two times the fundamental value because of the inter-

and intramolecular anharmonicities, and the process in which one

photon creates two phonons and in which there are essentially no

anharmonicities. However, the energy decreases (according to

this dispersion curve) as the two k vectors sweep out slmultaneously.

Again broadening will be observed. The 2L) (1430 cel) and 24
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(1579 cm-1) observed in the gamma phase of PD3 resemble the two.

Phonon process.

A combination-overtone band of a solid is further complicated

by the fact that the symmetry species have to be determined from

the factor group active species using the method described in refer-.

ence 22. The alternative is to delocalize the site wave functions

correctly. Both methods should give rise to the same vibrational

species in the factor group. If there are more than two molecules

per unit cell and the factor group has much higher symmetry than

the site group; there will be very many vibrationally active species

in a combinationovertone region in the factor group. When the

resolution is not high enough, these numerous species will simply

give rise to a broad band. When the resolution is high, it is

particularly difficult to assign the components of an enharmonic band

Without an accurate knowledge of the crystal structure. Also, the

two-phonon effects have been described as if It were one-dimensional,

but in fact is can range in three dimensions over the entire Brillouin

zone.

Previously, we have assigned the enharmonic modes simply as

sums and multiples of the intramolecular modes. This is only roughly

correct when we inspect the high resolution scans of the gamma phase

of PD3 in Figures 39 and 40. The bands, 202124, 02+ 03, 1) 03

and 203 are broad, indicating the continuous variation of is. The

crude method of assignment is sufficient. For J2 4. 4+ Os

and 03 Oat + 01 04 + 03 and at)t one has to invoke the factor

group activity for correct assignment.



DO

2v3 v1 + v3

//

_o

1.1 cm-1 resolution

T 2Ov K

1 cm
1
resolution

I 1
1 I 1// I 1 L 1 I

3360 3340 3320 3300 2480 2470 2460 2450 2410 2400 2390

FREQUENCY(CM-1)

Figure 39. The infrared spectra of the combination-overtone of solid PD3 which was mostly in the gamma

Phase.

v
2
+ v

3



/
f-r 14° Kr

14° K 14° K

--N'
A/J /

N N
\./

/

1825 1800 1775 1750 1725

20° K

2)
4

0.8 cm- resolution

v + v4
4

1 1

1590 1580 1570
/
1520 1510 1500 1440 1430

FREWENCY(CM -1)

2v
2

Figure 40. The infrared, spectra of the combination-overtone of solid PD3 mostly in the gamma phase.
The film for the broken traces contained less of the delta phase than the solid traces.
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The combinations of the lattice modes and the internal'modes

Are usually broader than those of the internal modes, in agreement

with the expectation that the lattice modes are more dispersed. The

broad hand at 1800 cm-1 is certainly of this type. In Table E each

component was decomposed into the sum of an internal energy and a

lattice energy. Some of the decompositions are not unique and may

turn out to he incorrect when the inter- and intramolecular anhar-

monicities are known.

Among the overtone regions, the one at 3310 cm"' is distinct.

The components are well resolved and sharp, the pattern being

accidentally similar to the spectrum of a matrix isolated species

such as the solid trace in the stretching region in Figure 43. The

solid trace a in Figures 39 and 40 and 43 were obtained from such

a thick PD3 (doped with 0.8% P113) film that the strongest band of

PHD2 at 900 cm-1 absorbed 50% and the 4 of 1113, 25% in the survey

scan. The observed frequency (about 3310 cm"1) could conceivably

he attributed to the mixed isotopic species, but is much more likely

due to the overtone 20
1°

which could easily have as many as four

components (recall that 01 has five components distributed between

the infrared and Raman.) Twice the smallest and largest components

of gives 3336 cm-1 and 3346 cm-1 respectively; the anharmonicity

(about 15 cm-1) does not seem unreasonable.

Most of the combination-overtones were assigned except for the

1440 cm-1, 2700 cm' 1 and 2748 cm.1 ones observed in the Raman PH3

experiments.
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VIII. THE INTERMOLECULAH VIBHATION3

121'911hOLUSIDIgALWALJETLWALTAID22

The far infrared experiment was done with solid PH
3
only during

the early stages of this project. We were still not able to obtain

the gamma phase at that time. What we recorded was only a broad

band around 150 cm-1 (half-width is about 100 cm-1) of the delta

phase. Due to the high noise-to-signal ratio, the spectrum is not

reproduced in this thesis.

In the Raman experiments, it was found that the beta phase of

PD
3

has a single, broad and weak lattice band at about 75 cm -1, and

the beta phase of PH3, a moderately strong band at about 70 cm
-1,

We have not recorded the lattice spectrum of the delta phase of PD3,

since it is relatively unstable with respect to the gamma phase,

The dot-dashed trace in Figure 41 is the same as trace E in

Fig. 14. We concluded before that this particular domain contained

some of the supercooled beta phase which also has only a fairly broad

band in the lattice region. The background of this dot-dashed trace

is very likely due to the supercooled beta phase.

Before we proceed to discuss the gamma-lattice-vibration, we will

try to identify the spurious plasma emission in the lattice spectrum,

The 66 cm
-1

plasma line has a Teak height of 7, the 77 cm
-1

line of

21, the 117 cm
-1

line of 26, and the 161 cm
-1

line of 3. In the

two traces in Figure 41, the strongest plasma emission stands

alone, Its intensity can be compared with those of the bands at

which the other plasma lines are located, taking into account the
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relative peak heights of the latter. It was found that the 75 cm-1

and the 78.8 cm bands of the dot-dashed trace and the solid trace,

respectively, are real, while the weak shoulder at about 75.5 eel of

the solid trace may not he due to the sample.

It is not no easy to eliminate the plasma contribution from

the lattice spectre of PD3. There is no plasma emission standing

alone for comparison. However, the alternative is to compare the

spectrum of PD3 with that of PH3, remembering the appearance of

the plasma band, and to compare the Stokes lines with the anti-Stokes

lines (if available). First, we examine the 66 cm-1 band which

corresponds to the very weak band at 70 cm" in the PH
3

scan. The

latter is plasma free, so the 66 cm-1 band comes from the sample.

The 70 cm" -80 cel region of PD3 can be correlated to the 75 cm-1

-100 cm" region of PH3. This correlation makes it clear that the

77.5 cm" hand of PD3 is real. Similarly, we say the PD3 band at

118.3 cm-1 is real.

It was found that the anti-Stokes lines cannot assist in

determining if the suspicious bands are real or not, because the

anti-Stokes lines are equivalent to the hot bands in the infrared,

and the population diminishes exponentially as the energy of the

initial state increases.

The Gamma Phase

Since the lattice spectrum of the delta phase of PD
3

is not

available, it is impossible to deduce the origins of the bands in

the lattice spectrum of the delta phase of PH3. However, it is
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possible to do so for the grime hands. We now attempt to find out

which of these lattice bends ere translational and which are

librational using the isotopic product rule developed in reference 22.

In Cartesian coordinates, the G matrix for the solid is dingonal,

The blocks correspond to the internal modes, the translational modes,

and the librational modes. For the F matrix, the interaction ale.

ments between the internal and external modes are not zero but are

negligible. Therefore, in the secular equation, (FG 0 for

solids, the lattice modes can usually be separated from the internal

modes. Now suppose the interaction force constant between the trans

lationel vibrations and the librational ones can further be neglect..

ed. Then, from reference 22, we have
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where warm), M is the molecular weight, m the atomic weight,

the moment of inertia, B the rotational constant, and MC megacycle

(32). The subscript T means translation, and Rzz, libration around

the molecular Z-axis,
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A ratio of clone to unity for the translational modes shown

that the frequency is only slightly shifted on deuteration. This

has to be true, because translational motions depend on the total

mass of the molecule concerned. Any deviation from this value

'magenta that the mation responsible is not purely translational.

The rotational constant around the molecular axis of PD
3

in not

readily available; hut, since the moment of inertia equals Ervitr

and the molecular geometry remains the same on deuteration, our

third equation above in valid. It is noticed that the librational

frequency ratio around the molecular 1-axis happens to be quite

close to that around the other two axes perpendicular to the former,

i.e. phosphine is fairly close to a spherical rotor. Again, if the

observed.librational frequency ratios are different from the calcu-

lated ones, the modes concerned are very likely not purely libra-

tional.

The experimental ratios of ad/io9 are listed in Table 1 along

with the corresponding frequencies of PH3 and PD3. It seems

reasonable to say that the librational vibrations are actually

coupled with the translational ones. Although there is a general

agreement between the calculated ratios and the observed ones, each

of the latter deviates from the appropriate value calculated. This

deviation is the worst for the modes whose energies lie close to

those of the other kinds of modes. It is also noticed that there is

no clear demarcation between the translational and librational

hands, so far as the ratios are concerned. Nevertheless, it is

Almost certain that the five low energy bands of Pii3 are transit+.
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tional. (The two unmatched hands of. 1'D
3
at 57 8 cel and 60 cm-1

mny also be trannlationnl.) The four high energy bands cnn be

nanigned With confidence as librational ones. Although the product

rule does not show unequivocally the nature of the Vibrations respon

sihia for the PH3 hands at 78.8 cm-1, 86.6 cel and 92.3 cm", we

can point to the spectral similarity existing between these spectra

and the corresponding spectra of hydrogen and dueterium halides

(12, 13) for which a general agreement on the band assignment has

been arrived at by many workers 1n the past. In the Raman spectra

of the hydrogen and deuterium halides, the translational bands are

much stronger and are concentrated in a rather narrow low-frequency

region, while the librational modes are distributed over a wide

range at higher frequency. Moreover, the librational modes are

not only weaker but also broader than the translational ones. Thus,

these three bands were assigned as librational bands.

The anti-Stokes Raman shifts are shown on the left hand side of

the spectra in Figure 42, while the Stokes Raman shifts are shown

on the right. Both the infrared absorption and the Raman scattering

experiments involve the interaction between the incident photons and

the system concerned. In the former, certain photons with lic15 i aEl

the transition gap, are absorbed by the system and are shown by a

decrease in transmitted energy in the spectra. In the latter, the

scattering system is first excited by the incident light from the

laser (hOi.) to some virtual states and then emits photons 10s

(Stokes) and 10" (anti-Stokes) which are monitored by the mono.

chromator. The shifts of the emitted photon energies from the



excitation energy, or the differences, h(OL-i)s)

are recorded in the form of a spectrum.

11-= I

V= 0

The two arrows on the left in the figure above show the Stokes

Raman process, and the two arrows on the right the anti-Stokes

process. The broken arrows represent the Raman shifts that are

recorded. Experimentally, one has to switch to the high energy

side of the exciting line to scan the anti-stokes bands. The sensi

tivity of the instrument must also be increased; because the anti-

Stokes transitions start from the excited state, and the ratio of

-
the population on this level to that on the ground level is e

1.44 *

e
-0.102^1/

for T = 14°K. Thus, in addition to the volumetric change

of the polarizability ellipsoid of the unit cell with respect to

the vibrational coordinates, the Boltzman factor also governs the

anti-Stokes intensity. This is why the 44.7 cm-1 band is as strong

as the 57.8 cm-1 band in the anti - Stokes spectrum, while their in-

tensity ratio in the Stokes spectrum is 1/2.39. It appears that

the Boltzman factor is not obeyed quantitatively. In the Stokes and
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Anti-Stokes spectra, the intensity ratios obtained by subtracting

a background correction (more serious in the anti- Stokes region a....

eve Fig. 42) are as follows:

40.3 eel 44.7 ee 54.0 cell 62.9 Wel

Stokes

anti-Stokes

I.

Holtzman ratio at
14°K

expected anti-
Stokes

1.00 : 4.00 : 9.55 : 5.30

1.00 1 2.39 1.33

1.00 : 0.56
1.00 it 4.00 : 4.10 : 1.70

1.00 : 1.03 : 0.43
1.00 s 0.42

1.00 : 0.67
1.00 : 0.64 : 0.24 : 0.10

1.00 I 2.54 s 2.33 s 0.52

The last anti-Stokes ratio is obtained from the upper trace in Fig.

42 and the rest of the anti-Stokes ratios from the lower one of the

same figure. Comparing the expected and the observed anti-Stokes

ratios , one sees that the intensity ratios of the 40.3 cm-l-to.

44.7 ere', the 54.0 cnil-to.62.9 cm-1, and the 40.3 cm-1-to-62.9 cm"1

have larger discrepancies than that of the 44.7 cm-1.to-54.0 cm-1

when the lower anti-Stokes trace in Fig. 42 is used. However, if

we use the upper anti-Stokes trace of Fig. 42, the agreement of the

40.3 cml-to-62.9 cm-1 ratio is much better. All these are most like-

ly due to (1) the anti- Stokes band at 40.3 cm-1 of the lower trace in

Fig. 42 is so weak that its peak height is very sensitive to error

in background correction, (2) the peak height of the 62.9 cm-1 band

of the lower trace in Fig. 42 is spurious when compared with the in-

tensity of the same band in the upper trace.

The following calculation not only substantiates the point we

have just brought out, but also checks the accuracy of our temper.
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ature measurement. From the Raman intensity expression given in

page 87, it can be easily calculated that

Is(2)/Is(1) Nn,(1)/Nnn(1)

IA(2)/IA(1) Nn (2)/Nn"(2)

e-1.446
Pr

e
-1.44 2/T

se 0-1.44
at:5 n

where A = 6 6
1

= wavenumber of mode

I s (i)
= Stokes intensity (peak height, actually used)

of mode i

IA(i) = anti-Stoke intensity of mode i ,

N
n'

= upper state population of mode i

N
"
n(i) = lower state population of mode i

The last equation can be simplified to be

T = 0.625 4:5 where I'
log I'

I (2)/Is(1)

IA A(2)/I (1)

Although it is not feasible to determine the intensity ratio of the

corresponding Stokes and anti-Stokes lines due to instrumental rea.

son (such as slit width variation), the expression above allows us

to calculate the running temperature from the intensity ratio of a

pair of bands in Stokes and the corresponding ratio of the same pair

in anti-Stokes. Given below are the pairs and the temperature cal-

culated.



40.3 cm -1. -- 44.7 cm-1

40.3 cm -1 62.9 cm-1
44.7 54.0 cm-1
44.7 cm-I 62.9 cm-I
54.0 cm -1 62.9 cm -1

* * undefined, but the
situation
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lower anti-Stokes upper anti- Stokes

trace trace
*

16 °K

16°K
23°K
44°K

background correction can change the

For the reason given above, one would naturally choose 16°K as

proper expectation of the running temperature. This is consistent

with our observation in chapter V, i.e. laser has caused a local

heating of A few degrees.

That the anti-Stokes spectrum exists for solid.PD3 means that

A level of as high as 63 cel above the ground state still has

finite population at 14°K. It is likely that the equivalent levels

of solid PH3 are also finitely populated.
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IX. THE INFRARED AND RAMAN SPECTRA OF THE ISOLATED SPECIES

Frequency Calculation of PH2D and PHD2

Isolated in Solid PH,
a

and PD3

To a very high order of approximation, it is correct to assume

that the isotopic molecules have the same vibrational force field (or

potential function), because they have the same electronic structure,

which affects the motion of the nuclei (or skeletal vibration).

Therefore, it is necessary to calculate the force constants of our

system (PX3 where X may be H and/or D) from the observed frequencies

of PH3 and PD3 and then apply the calculated force field to PH2D and

PHD2 in order, to calculate the latter's frequencies.

Under the simple force field (valence and central) assumption, it

is usually not necessary to make use of the vibrational frequencies

of a second isotopic species to obtain an additional equation in

the same unknowns (or force constants), when one wants to determine

the force constants. The reason is that both the valence- and the

central-force-field Assumptions neglect the cross terms in the

harmonic potential energy equation. However, these simple force

fields do not give rise to satisfactory results in many cases.

Therefore, the most general force field (i.e., retaining all the

interaction force constants) must be used. The harmonic approxima»

tion in the expansion of the potential energy is also made in

order to simplify the calculation. There usually are more unknowns

(force constants) than the number of equations (3N-6 or 5), when

the most general quadratic force field is used. Therefore, the
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frequencies of one or more additional isotopic molecules must be

used in order to have enough equations in the same unknowns. This

is one of the reasons for our interest in solid PD
3.

For polyetomic molecules, it is often quite tedious to calcu-

late the most general force field by hand, even with the harmonic

Approximation. A computational approach (Schachtschneider's program)

has been used for this purpose. Alternatively, a more sophisticated

calculation (high-low frequency separation) can be done by hand with

fairly good results.

The vibrational frequencies of PH2D and PHD2 isolated in

solid PH
3
And PU

3
were first calculated by hand using the FG matrix

method (22) and the high-low frequency separation approximation (22).

The result was then compared with that obtained from the computer

refinement of the force field using Schachtschneider's program (33,

34). These two results were further checked against actual observe..

tion. The agreement is good, AA can be seen easily from Table IV.

In this table the assignment of the observed stretching frequencies

is still uncertain.

Schachtschneider's program not only calculated the G matrices

(both symmetrized and unsymmetrized) but also refines the force field

of a polyntomic molecule, using the least squares method. In

this refinement, we started out with the six force constants of a

free phosphine molecule given by Duncen and Mills (35):

fr 3.10 mdyn 1'1
0 r -0.07 mdyn a-1,

3.04R291 -0.025107

.,fla 0.01 mdyn fra .0.16 mdyn,
.0.023022 -0.152548

fa- 0.73 mdyn a,
0.679957

f .0.22 mdyn.ra
0.006128



The force constants of the internal coordinates are defined in the

following potential energy equation within harmonic approximation.

3
2V f

r
ri)2 +

6

+ 2r
e
f
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>
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2f >
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e
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where the unit of each term has been made the same by multiplying re

and r
e

2
. When this question is expressed in matrix language (2V

R
+
F R), F takes the same form as the G matrix in the Appendix I.

These six beginning constants were first adjusted to fit the

eight fundamental frequencies of PH
3

and PD
3
in solid PD

3
and PH

3

(at 20°K) respectively. After seven perturbations, the calculated fre-

quencies of PH
2
D and PHD

2
deviated greatly from both the observed fre-

quencies and those calculated by hand. Finally, we added four observ-

ed frequencies of PH2D and PHD2, 758 cm1, 901 cm-1, 964 cm-1, and

2318 cm-1. So the six beginning constants were adjusted to fit 12

frequencies. The resulting force constants after six perturbations

were listed below the beginning ones shown above. The final frequen-

cies of PH
2
D and PHD

2
were recorded in column "CR" in Table IV. In the

Appendix I, we included the symmetrized and unsymmetrized G matrices

at points where a comparison with the counterparts calculated by hand

is most convenient. Also contained in the same Appendix are the Cart-

esian coordinates that were put into the computer calculation of the G

matrix.

In these calculations it was important to predict the frequencies

of the intermediate species PH2D and PHD2 from the observed
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valuer; of PH3 end H)3. However, experience has shown (Pimentel

and Mier, 36) that the interaction force constants in the potential

function are not well determined by the frequencies of PH3 and

eD alone. The reason Is that the G matrices of PH3 And PD3 differ, 3 3

mostly by a simple scale factor since Ali, AD> AtOp so that the addl

tional equations from PD3 do not supply information which is sig..

nificantly different from those for PH3. Pimentel and Kibler

showed that the force constants were better determined by using

the mixed isotopic species, but to do so here would in a sense

circumvent the need for an independent prediction. Therefore an

independent calculation, making the high-low frequency separation

was carried out. The stretching frequencies were calculated

approximately by setting the bending force constants equal to zero,

i.e., merely leaving out the rows and columns of F (symmetrized

force constant matrix) and G in the secular equation, IFG XI 0,

which correspond to the coordinates whose diagonal force constants

vanish. In calculating the bending frequencies, the F and G

matrices were inverted, and thus the reciprocal secular equation,

ICK - 10. 0 (37)

where C F
.1

K G
-1 , and 4. 1/X, was obtained. The high-low

frequency separation was then applied, now assuming the stretching

compliance elements are zero.

Before the secular equation was used to calculate the Ms of

CHID and PHD2, the force constants were calculated from the observed

frequencies of PH3 in solid PD3 and PD3 in solid PH3, and the

respective G matrices (which were obtained using the gas phase
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geometry and the G matrix element diagrams from reference 22).

In this precalculation, we also relied on the hip -low frequency

separation approximation.

The frequencies of PU3 and PD3 mentioned above were taken from

the 70°K.experlments performed with PH3 isolated in PD3 and vice

versa, instead of from experiments performed with the pure solids,

the reason being that it was easier to carry out experiments using

PH2D or PHD2 in solid PD3 or PH3 than those using pure solid PH2D

or PHD2. Further, it makes more sense to use the force constants

of PH3 isolated in solid PD3 to calculate the frequencies of PH2D

or PHD
2 isolated in solid PH

3
or PD

3
than to use the force constants

of the pure solid; since the latter are certainly involved in the

intermolecular interaction, while the former are not.

The details of the hand calculation are supplied in the

Appendix I. The frequencies calculated by hand are listed in column

"HLS" in Table IV. The gas phase frequencies of all four species,

PH3, PD3, PH2D, and PHD2, are also supplied in Table IV. It is

noticed that the gas phase frequencies are generally higher than

the frequencies of isolated species.

The sum rule check (38) for the calculated frequencies of PH2D

and PHD2 is performed in the following. This rule states that

"whenever there exists a chemical exchange reaction involving only

isotopic variations of a single type of molecule, such that the

reaction is balanced at each atomic position of the molecule," then
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where i identifies en isotopic form of the type of molecule con

corned

n is the stoiehlometric coefficient, positive for the reactants

and negative for the products

j indexes all the equivalent species of the fundamental vibra

tions in the reactants and the products.

The isotopic exchange reaction of the PH3 type of molecules can be

expressed As

PH3 pD3 1112D + PHD2.

And the correlation between the point groups (C3v and Cs) of the

Isotopic forms is

C3v

1' 2 Al

A2 1.(A9), 02(A9), 3(A1), V)4(A')

3, E A" 3(A"), t)4(A')

Thus, there are two separate sums to be checked. First, sum over

the Al vibrations of the Cs forms and the Al and E vibrations of

Cs

the C3v forms.

1)3' 4,

[U; (11120 +i),; (PHD2)1 le 11590 cm-2 (10633.9 cd62)

(V (PH3)H
3
) + (PD

3
)) 11550 cm.2 (11542.9 cm

-2
)

-'2

The difference between these two sums implies the magnitude of

anharmonicity. Next, the sum is over the A" vibrations of the Cs

forms and the E vibrations (and the A
2
vibrations too, if there were



any A2 active vibration) of the C forms.

(PHD
2
)) 5914 cm- (5910.2 cm-2

1)4
"(.1:$2 (PH

3
) Q

(PD3)).1

t);

5882 cm (5878 cm-2)

The anharmonicity involving these vibrations is greater than the

one associated with the vibrations in the first case. Nevertheless,

the calculated frequencies of PH2D and PH02 must agree with observed

ones fairly well, since the differences in the sums are small. The

numbers in parentheses above are the result obtained from the computer

calculated frequencies.

The main conclusions from both calculations are as follows.

First, some of the H or D stretching vibrations of the mixed isotopic

species are not sufficiently shifted compared with PH
3
or PD to

permit unequivocal assignment. For example, t,3 of PH3 is very close

to 1)3(A") of PH2D. Second, the bending modes of the mixed species

are well resolved, and an unequivocal assignment is possible vhicu

assists in the estimation of the relative amounts of the various

isotopic species present in any sample.

Spectra of PH2D and PHU2 Isolated in Solid PH3 and PU3

The spectra of 'P112D and P1102 isolated in the gasmm phase and

the delta phase of solid Pb3 are illustrated in Figure 43. Although

the delta phase of solid Pb3 is relatively unstable with respect to



TABLE IV. Infrared frequencies of isolated PH2U
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eilu PH and kW
2* 3

Eas!

J2 992.1

PH
3 4 1118.3

t)1
2322.9

3 2327.7

HLS CR

986.6

1104.3

2306

2322

ln PD3

SYS-02.1)

in Pll in PH3

(j>>Y)e

980

1097

2301

2313

979.6(1)

982.8(1)

1094(1)
1096.8 vw
1098.5(1)

2304.8(?)

2321.1(?)

A-979.4 sh
980.6 s

^,982.3 sh

1095 vw sh
1099.2 s

WelIIMINN./..*/!...aaagge.re

717.2 vw
730 719 714.4 719.5 s

[7201d
721.7 vw

787 vw
PD

3
t)
4 806 790 786.5 [7921d

790.8 a

J1 1694 1668 1662.8 1b69 s
[1669.51d

1700 1682 1672.7 ,16810 s
L163ld

1(Al) 1692 1668 1674.1

A-881 vw sh ^k379 w sh

2,(1°) 902 886 880.1 882.8(2) 883.3 882
885.2(1) [883.51

PH 2D

%)3(A') 2328 2318 2310.2

t)4(A9 1084 1079 1080.3 1082

OM° 2328 2326 2320.8

MA01) 972 952 954.5
955.4(1)
957.4(2) 957



TABLE IV (Continued)

01(M) 1691 1668 1662.1

t)2(A9 766 754 752.2

i)3(A9 2323 2320 2314.3

PHD
2

t)4(A1) 917 897 898.9

t)3(A") 1697 1673 1675.4

04(A") 982 963 961.3

2 t?4(A")

756.2(1)
C''7571

759.72)
[759.7j

2305.4(?)
r
L205.1(?)1

901.3
[901.0 902.8 e

963.3(2)

C964.4(2)1 "9957 w sh
968.5(1) 966.0 s

[969.5(1)] 969 w sh

1927

"9902

the numbers in brackets are the Raman wavenumbers
HLS: obtained from High Low frequency Separation
CR: obtained from Computer Refinement of force field
a: frequencies for 1'H2D and 111D2 are taken from ref. 41, those tor

PH3 and Pb3 from ref. 26
b: the 1082 cm-1 of PH 90 was taken from the lower solid trace in

Fl. 27 and 1.5 cm-1 slit, the rest from the same film at 14°K.
The number in parenthesis Indicates the intensity rating among
the components of a fundamental region,

cs In frequencies were taken at 20°K
di taken at 16°K when the PH

3
host was in the supercooled beta phase
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TABLE V. IR frequencies of PH3 in inert gases

Ar

988.5 s

1106

1111.5 w db

Kr Xe

988.5 in 983.5 w

1115 w 1110

-,2312 m sh 2335.2 sh
2325.4 vs 2340.3 s db 2324.4 $

m sh 2342 2337 w sh
e.2360 w sh 2346 sh

1. observed at 20°K

2. The concentration of PH3 Ar, Kr, and Xe are 1/1083, 1/650,
1/300 respectively. j
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Figure 43. The IR and Raman spectra of PHD2 and PH2D isolated in the y(solid traces) and the 6(dot-dash-

ed ones) phases of P03. All the IR traces were taken from the same film at 12° K with a
resolution of 1 cm-1 or better.
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the gamma phase and the beta phase tends to be frozen -in during a

sudden chilling, the dot-dashed traces were shown in the section

on the high resolution stretching spectra of solid PD3, to

correspond to the delta phase rather than to the supercooled beta

phase of the host system. The phase of the host system to, which

the solid traces correspond was recognized as the gamma, judging

from the characteristics of the symmetric bending spectra.

Presentation of the spectra in Figure 43 not only confirms

the result of the coordinate analysis in the last section but also

suggests that the site of the PH20 and PH02 molecules in the gamma

phase of 1'D3 must be Cs. All of the symmetry species to which

the vibrational modes of PH2D and PHD
2
belong are nondegenerate.

That is, their vibrational spectra would not be split by lowering

the site symmetry. However, if the site is Cs, then the orienta-

tional effect (39 and 40) will split the individual band into two

bands. The PH
2
D molecule isolated in the gamma phase of solid PD

may assume one of the three orientations shown below with respect

to the symmetry plane. The molecules in the middle and left

3
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orientations will "see" the same potential, which is different

from that seen by the molecule in the orientation on the right.

Thus we expect a 2-to-1 intensity ratio for the split doublets

whose corresponding vibrations are most sensitive to this potential

plane of symmetry. The nonsplitting of the J4(A1) of PH02 may

be interpreted in this way. This particular vibration is not

affected to any significant extent by the plane of the potential

symmetry. In other words, under this vibration, the molecules in

the three above-mentioned positions experience almost the same or

only slightly different potentials.

The agreement between the infrared and the Raman spectra cone

firm our reasoning about the site symmetry of the gamma phase.

Although the t) (Al) of PHD was not well resolved in the Raman
2 2

experiment, there was an indication of the existence of the weaker

feature. In the t)2(A9-0f-PHO2 region, the higher Raman shift

(759.7 cm-I) coincides exactly with the corresponding infrared

frequency, while the lower Raman shift 0 757 cm-I) is about 0.8

cm-1 higher. For the 04(A8) of PHD2, the Raman frequency (901.8

cm-I) is 0.5 cm
-1

higher, and for the I)

4
(A"), the Raman frequencies

(969.5 cm-1 and 964.4 cm-1) are, respectively, 1.0 cm-I and 1.1

cm-1 higher. The frequency differences seem to be quite randuw

It is understood that all of the infrared active vibrations of PHD2

and PH2D must also be Raman.active, and so the infrared frequencies

of. PH
2
D and PH D2 should coincide with the Haman ones. The two

larger frequency differences are within what the compound error in

Raman and infrared frequency measurements can account for,
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The Raman bending spectra of PH2D are not much stronger than

the noise level, They are thus left unassigned.

Before assuming that the region from 2300 cm
.1

to 2320 cm 1

(Fig, 43) arises solely from the H stretching modes of the mixed

isotopic species, one might consider overtones and combinations of

the host PD3, Binary combinations of one stretch and one band would

fall between 2400 cm
-1

and 2475 cm
-1

which is much too high even

admitting some anharmonicity.

Concerning the spectra illustrated in Figures 43 and 44 we

can estimate the relative abundance of the several isotopic species

as follows. The sample illustrated in Fig. 43 shows absorbances

for the mode 0
2
of PD

3'
PHD2, PH2D which are roughly in the ratio

of 40:10:1. These numbers imply a statistical distribution correspond.

ing to 92% D, a% H which amounts to the following mole fractional

0.78 PD3, 0.20 PHD2, 0.02 PH
2
D and a negligible amount, namely 0.0005

PH
3'

Thus we would assume that in the stretching region only the

modes t)

I
(A') of PHD

2
and 0

3
(P) and 03 (A") of PH

2
D should contribute,

the latter being about ten-fold weaker, It is obviously difficult

to interpret the 2300 to 2320 cm
-1

region on this basis.

The sample illustrated in Fig, 44 unlike the previous one did

not have an equilibrium distribution of isotopes because of the

deliberate doping with PH3. Comparison of the bending intensities

suggests that the mole fractions of the spedies PH
3
and PHD

2
are very

approximately equal and that less of PH2D is present than in Fig, 43,

The proximity of all the H stretching modes makes it difficult to

make assignments, but one can at least understand that the solid



trace in the H stretch region of Fig. 44 should be different from

the dot-dash trace because of the presence of significant amounts

of PH3.

Spectra of PH3 Isolated in Solid 1'O3 and Vice Versa

Among the spectra in Figure 44, we first point out the splitting

of 4' which belongs to the E species in the molecular group in

the gamma phase of PD3. Since PH
3
molecules were isolated in solid

PD3, no factor group splitting could have occurred to t4. There-

fore the splitting must be due to the site effect. Thus the isolated

P113 molecules must have resided at a Cs or Cl site.

Within the framework that we have constructed about the gamma

phase, the 02 (nondegenerate) doublet is the most difficult to ex-

plain. We believe the phosphine molecules occupy Cs sites in

the gamma phase. But the orientational effect cannot split 02 in

P113- duo to its threefold symmetry; the doublet cannot be caused

by lowering site symmetry either, because 02 is already nondegener.

ate in the molecular group. The dynamic interaction of the P113

molecule with its neighbors in the primitive cell did not exist,

so the doublet was not caused by factor group splitting,

The concentration of the guest molecules was reduced to make

sure that each molecule is well isolated by the host ones, Novel's

theless, the doublet persisted.

However, if there are two distinct kinds of Cs sites in a

primitive cell, then the nondugenerate vibration can exhibit a

two-band spectrum. But, then, each of the distinct kinds of sites
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Figure 44. The infrared spectra of the fundamentals of PH3(solid traces) isolated in solid PD3 which
was purposely doped with 0.8% PH3 and was mostly in the gamma phase. The dot-dashed trace

in the stretching region was obtained from a PD3 sample undoped with PH3. The stretching
region was complicated by the PH2D and PHD
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absorptions.
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Figure 45. The infrared spectra of the fundamentals of PD3 isolated in solid PH3 which was purposely
doped with 1% PD3 and was mostly in the delta phase. The film was the same as the one

used to obtain the upper solid trace of Figure 21.
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will give rise to a totally symmetric vibration when they are

correlated spearately to the factor group species. This means

there should be two totally symmetric vibrations in the factor

group, and two strong features for the gamma phase in the Raman

experiments, instead of one strong and two weak hands. Moreover,

one would also expect more structure for the bands of the mixed

isotopic species due to the combined effects of distinct sites and

orientation.

Although inversion doubling is unlikely for reasons to be

stated later, it is a possibility. Also the relative intensity

of the doublet fits inversion doubling the best. Actually a PH3

molecule does not have to follow the molecular Z-axis in order to

reach the inverted position. Some kind of libration or combination

of motions may also lead to an inversion of the molecule and thus

result in a doubling of the hand.

The 02 spectrum of P113 in inert gases seems to indicate that

the symmetric bending motion of PH3 is least perturbed in the Xe

matrix and is perturbed to about the same extent in Kr and Ar

matrices. This effect is in the same direction as the size varia-

tion of the various kinds of holes in these matrices. Among these

matrices, Xe has the largest octahedral, tetrahedral, and sub-

stitutional holes, those of Kr are smaller, Ar even smaller. The

most important result of the PH3 in inert gas experiments is that

there exists no splitting in the )2 region. This information helps

exclude the idea of inversion from the interpretation of the

structure-rich 0
2

of the delta phase.
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In another run represented by the broken trace in Figure 27

the 02 doublet of the guest PH3 merely merged into a singlet at

980.6 cm-1 (i.e. the center of gravity slightly shifted towards

red), when the host PD
3
solid was converted from the gamma to the

delta phase. (This host phase change was recognized by the mergi.

ing of the two strong bands in the 02 region into a strong one.)

The .t)4 doublet of the guest PH3 also became a singlet under this

host phase transition, but the center of gravity was roughly

unmoved. These J2 and J4 spectra of PH
3

in the delta PD
3

resemble

the equivalent one in Figure 45 and are, thus, not shown.

We concluded in the last section that only PHD2 and PH2D

contributed to the dot-dashed trace in the stretching region in

Figure 44. The solid trace overlapping this dot-dashed one contains

almost as much PH
3
as PHD

2
and negligible amount of PH

2
D as shown

by the intensities of the bending vibrations in the survey scan

(not presented in this thesis because of the scattering background)

of a PH3-in-PD3 experiment. Thus, we are inclined to believe that

the bands of this solid trace are due to the 03(A9 (2314.3 cm-1)

of PHD
2
and 0

1
(2306 cm-1) and 0

3
(2322 cm-1) of PH3. The band

lowest in energy probably contains both the stronger band of the

03(A9 doublet of PHD2,'and the 01 of PH3 which must have shifted

the compound band from the PHD2 band slightly toward red. The band

at 2321 cm4 is most probably caused by the 03 of PH3. The two

bands at 2328.6 cel and 2336.3 cm-1 may be or may not be due to

P113. Including the last two weak bands, there will be one too

many for the p3(E) of PH3 sitting at the Cs site of PD3 solid.
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The 2319.1 cm-1 band of the solid trace was shifted down from the

equivalent one of the dot-dashed trace probably by the 0
3

absorp-

tion of PH3. The doublet at the middle of the solid trace undoubt-

edly has contribution from PH3. It is not certain whether the con..

tribution is from 01 or andand whether 01 is split or not.

The stretching region in Figure 45 is interfered with by

water and PHD
2
but not by PH

2
D (refer to the section on the survey

scan of solid PH
3
). The single beam scan reveals that the 1685

cm-1 band may be completely due to water, since water has a very

strong absorption at 1685 cm-1. Thus,disregarding the weak bands

we assign the strong bands at 1669 cm-1 and 1681.8 cel to be the

01 and 03 of PD3. This assignment not only agrees, in frequency,

with the Raman spectra of and 03 of PD3 in the supercooled beta

phase of PH3, but also agrees, in number of bands, with %)2 and in

Figure 45. The 0
1
(A') (1668.1 cm-I) of PHD2is most probably

embedded in the 0, of PD3, while the 03(A") (1675.4 cm-I) may

correspond to the weak broad band, to which the 1671.5 cm-1 water

absorption also contributes, to the left of the 01 of PD3. The

weak band higher in energy must belong to water. The two weak bands

at the high energy side of this region are most probably due to the

sample and are difficult to identify.

That the 0
2
and ,4 doublets of the guest PH

3
molecules merged

into one band as the host structure changed from the gamma phase

into the delta phase suggested two possibilities relating to the

delta phase structure. The first possibility that the phase is

disordered must be neglected, since SG showed the delta phase was
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ordered. The second possibility is that the site occupied by the

guest PH
3
molecules must be either C

3
or C

3v
, whose symmetry is

high enough such that the molecular E species will not be split

and Also the orientational effect (in relation with the spectra

of PHD
2

and PH
2
D in the 6 phase of PD

3
) cannot occur. A neater

high-resolution scan in the stretching region of the guest species

needs to be done in order to verify the site symmetry of the delta

phase.
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X. PHASE TRANSITIONS AND STRUCTURAL INTERPRETATION

Phase Transitions,

When the first derivatives of the Gibbs function,
T

S....-(aG) and

V iv (1g-) undergo finite changes during a phase transition while
/Tap

G changes continuously through the transition point; then, this

transition is called "first order." Since the transition occurs

at constant temperature and pressure, C "ms T -00 at the
aT ?

transition point where the two phases coexist. Thus the phase

transitions of PH
3
at 185.380K, 139.350K, 88.100K, 49.430K, and

30.290K are all first order transitions. Among these first order

transitions, clearcut spectroscopic changes generally accompanied

the ones at 30.290K and 49.430K. At these two transition points,

the coexistence of the initial and final phases was clearly observed

in the Raman experiments but not in the infrared experiments. No

spectroscopic change:, were observed at 139.350K and 81.10K.

If the second derivatives of the Gibbs function, C T
P aT

EaG
T

a2G
, undergo change at a transition point, but G and 3G

aT

changes continuously through the transition point, then the trans-

ition is called "second order." Thus, in a second order phase trans-

ition, the entropy and the volume are the same at the end of the

process as they were in the beginning. Zemansky (42) stated that

a lambda transition was slightly different from a second order

transition.

Likewise, a third order phase transition is characterized by a
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a3G
finite change in --5 at the transition point through which G,

aT

-1aG a
2
G

, and must be continuous. In the following, we quote the
aT-

molar entropy change(AS) for each transition of a phosphine system

from SG. Use will be made of the 4Sos later.

The molar entropy changes and temperatures of the phase

transition follows:

phase transition As

gas-liquid 18.1 cal/deg.mole or eu 185.38°K

liquid - alpha. 1.94 cal/deg. mole 139.35°K

alpha-beta 1.312 cal/deg., mole 88.1°K

lambda point 1,533 35,66°K
beta-delta 2.18 cal/deg. mole

first order 0.647

beta-gamma 3,757 cal/deg. mole

The Gas- Liquid, Liquid-Alphal and Alpha-Beta Transitions

49.43°K

The high molar entropy change associated with the gas-liquid phase

transition is understandable. Gaseous molecules move very randomly

and occupy a much larger volume than the liquid molecules do. Since

AS - B 1n(Vg - vs), the molar entropy change accompanying a gas-liquid

phase transition must be large. Spectroscopically the rotational

fine structure shows this change most vividly.

In liquids, molecules can orient themselves randomly, although

they cannot rotate and translate as freely as the gaseous molecules

do. The spectral bands become broad, as a result. When a system

transforms into the solid state, the molecules arrange themselves

in regular arrays. The broad structure will be split again,
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not due to free rotation of the molecules but to the site symmetry

of the molecules and the interaction among the molecules in a unit

cell. As was shown in the previous survey scans, we observed

neither the splitting in the alpha and the beta phases nor any

spectral change accompanying the alpha-beta phase transition

except a slight shift in the center of gravity of the intramolecular ,

fundamentals. The broadening of the fundamentals in the alpha

and the beta solids is believed to be due to the crystal disorder

(hydrogen atoms distributing themselves among several equilibrium

positions around fixed phosphorus atoms).

The molar entropy change for the alpha-beta transition is slight-

ly smaller than that for the liquid-alpha transition, both being

quite small compared with that for the liquid-gas transition.

Even though the alpha and the beta phases are disordered, the

crystal skeletons of these two phases are still ordered, whereas

liquid molecules are completely disordered. Therefore, it is

reasonable to say that the liquid-alpha transition is associated

with more entropy change than the alpha-beta transition is.

It is also reasonable to assume that no skeletal change of the

crystal is involved in the alpha-beta transition, since the transi-

tion between them has the smallest entropy change among all the

phase transitions of a PH
3

system. The difference between these

two structures is very likely in the equilibrium positions of the

hydrogen atoms. The energy differences among the equilibrium

positions of the alpha phase may differ from those of the beta

phase. In other words, the hydrogen atoms have a greater tendency
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to distribute themselves, or distribute faster in one phase than in

the other. The beta phase may also differ from the alpha phase in

the number of equilibrium positions of hydrogen atoms.

The Beta-Gamma Phase Transition

We noticed in chapter V that the increase in absorbance of one

of the gamma bands was not compatible with the principle of the

cooperative action (43) in the solid. Since the cooperative action

is mainly responsible for the second-order phase transition, we rea-

son that the beta-to-gamma transition, which we observed, is not of

the second order.

The difficulty of this beta-to-gamma transition, compared with

the easy beta-to-delta transition (see next section), suggests that

crystal repacking might have been involved in this transition.

Natta and Casazza (20) determined that the alpha phase of phosphine

is a cubic system. It is possible and also likely that the beta

phase is also in the cubic closest packing pattern which undergoes,

in a very slow manner, some rearrangement and eventually turns

into a rather different packing. This repacking needs a thermal

energy, kT, which means excitation of some intermolecular motion

in the solid might have occurred during this repacking process.

The reason follows. Since hO corresponds to kT, = T/1.439 cm-lps

30 cm-1, the energy of this intermolecular motion. A motion whose

excitation energy centers around 30 cm-1 must be a collective mode

of the solid. (However, the only lattice mode of the beta phase
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observed so far is the 70 cm
-1 one recorded in the Raman experiment.)

This is quite logical in the sense that any crystal rearrangement

must be related to the interaction among molecules, particularly

the translation and libration of molecules.

Another way of explaining the transition difficulty would be

to say that this process has a larger activation energy. Since k

A exp (- Ea/RT )$ according to Arrhenius, the high activation

energy will result in a small converting rate.

Unlike PH
3'

the delta phase of solid PD
3

can be converted

directly to the gamma phase. Nevertheless, the delta-to-gamma

transition occurred in a much slower manner than the beta-to-

gamma transition. Therefore, the former could be spectroscopically

monitored more easily.

Generally, the beta and the delta phases of PD
3
were observed

to be quite unstable with respect to the gamma phase. In other

words, the activation energies for the beta-to-gamma and the delta-

to-gamma transitions are much smaller than the corresponding ones

of P113. However, one expects the opposite to be the case, since

PD3 has the larger mass. So the rate effect observed are apparently

not explicable in terms of a potential function.

We mentioned in the section on the high resolution scan of PD
3

that the 0
2
-band-center in the infrared was unshifted as the solids

PH
3
and PD

3
underwent the beta-to-delta transition, but was shifted

as the two solids underwent the beta-to-gamma transition. This

implies that going from the ordered delta phase to the beta phase,

the spectra merely broaden out, and the crystal becomes disordered
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but the phosphorus atom remains unmoved. On the other hand, the

gamma-to-beta transition changes the center of gravity in addition

to the broadening. This indicates that this transformation not

only turns hydrogen atoms loose, but also changes the positions

of the phosphorus atoms. This argument is in line with the idea of

crystal repacking associated with the beta-gamma but not the beta-

delta transitions.

The beta-gamma transition involves an entropy change of 3.757

eu, almost twice as much as that for the beta-delta transition (2.18

eu) and more than twice that of the alpha-beta transition (1.312 eu).

We have concluded previously that both the beta-delta and the beta-

gamma transitions are disorder-order ones. It is reasonable to

expect larger molar entropy change associated with the disorder-

order transitions than with the disorder-disorder transitions.

However, the difference in the molar entropy changes of these two

disorder-order transitions must be explained. In the next section

we will show that the entropy change involved in the beta-delta

transition is mainly due to the removal of the hydrogen-disorder

entropy (1.533 eu) of the beta phase. Here, we invoke not only

the removal of the hydrogen-disorder entropy to account for 1.533

en of the 3.757 eu of the beta -gamma transition, but also the idea

of crystal repacking to account for the rest of the molar entropy

change (2.224 eu), which is still relatively large compared with

other phase changes.
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The Deltn-Beta Phase Transition

This transition consists of a first order followed by lambda

point phase transition. Guggenheim (30) stated that many lambda

points are associated with a sudden change to such an extent that

the molecules in the crystal can rotate freely. SG also made the

statement that the heat capacity curve between 250K and 350K is

characteristic of molecular rotation in crystal. However, it

appears to be difficult to show this molecular rotation spectro-

scopically (if it does exist), because neither HH and Francia

nor ourselves observed any clues to this phenomenon.

We have noticed that SG's heat capacity curve at the lambda

point (35.660K for PH3, not known for PD
3
yet) is connected by a

dotted line. Whether the heat capacity at this point is a peak or

a singularity is uncertain. Nevertheless, the specific heat

anomaly is clearly there and indicates a cooperative phenomenon

of the crystal.

A cooperative action occurring in the solid state is usually

accompanied by the removal of configurational entropy from the

crystal. Above the lambda point, the solid is rather disordered.

This disorder can mean the long- and short-range randomness of the

elements in alloys such as AuCu, AuCu3, etc.; the misalignment

of the dipoles in ferroelectric crystals such as Rochelle salt,

ammonium dihydrogen phosphate; barium titanate, etc.; the hydrogen

disorder of molecular crystals such as hydrogen bromide and hydro-

gen iodide, methane, etc.; and the different relative orientations
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of the threefold degeneracy of the orthohydrogen ground rotational

level with respect to the cubic field in solids. These kinds of

disorder in crystals may or may not give rise to the lambda transi-

tion as the temperature is lowered. If they do, the extra entropy

due to the high temperature disorder can be measured from the area

between the lambda-shaped band and the smooth background (1.533 eu

measured by SG for solid PH
3
) and verified by a simple calculation

as follows: If the molecules have the possibility of choosing

among P configurations or orientations, the excess entropy is AS

R In P. For PH3, the excess entropy, AS, was measured by SG

to be 1.533 eu. This is equivalent to P m 2.13. It would seem

that the phosphine molecules in the beta phase have two possible

orientations, in the crudest approximation. (The P for ice has

been calculated by Pauling (44) in a more complicated way.) When

the crystal is chilled down to the lambda point, a mutual coopera

tive action takes place within the crystal to eliminate this disorder.

At the end of this process, the configurational entropy is said

to have been removed. Thus, the crystal ought to be ordered below

the lambda point. Since the delta phase was ordered, the first-

order transition at 30.290K must be an order-to-order transition.

Thus a small entropy change is found.

The ground rotational state of a phosphine molecule is asso-

ciated with 4 spin states (method of calculation was Illustrated

in reference 45). Depending on the site symmetry in the crystal,

different orientations of these spin states have slightly different

energies of interaction. Therefore, spin-orientational entropy
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might also have been involved in this lambda transition.

Suppose the "two" orientations of the phosphine molecules

in the beta phase are separated by an energy gap, n. In any solid,

there is always an intermolecular potential barrier, 6, which re-

stricts the molecular motion. If 6<<&, the barrier is not high

enough to prevent the transformation between these two states when

the thermal energy of the molecules, kT, is larger than a. When

the crystal is cooled down to T cs ,a/k, 6 is still low but the thermal

energy just barely suffices for the transformation. The molecules

will start to assume the more stable state. The same principle

results in the lambda transition of the solid phbsphine. But if

>>a , the state-interchange is possible only when the thermal

energy is higher than 6. When the crystal is chilled down to T

6/k, the population with the unstable orientation starts to be

frozen-in, since the IN is not sufficient to drive the molecules

at the higher state across the barrier, while the rest of the

population remains in the lower stable state. When this crystal

is cooled down to zero degree Kelvin, the entropy will be nonzero,

since the crystal still has two possible states. The famous examples

are the solids, CO, NNO, H20, etc. Solid phosphine happens to be

one of the examples of the ot< A case.

It is now proper to introduce Guggenheim's concept (p 278-

85, ref. 30) about a "second order" transition which he contrasted

with a first order phase change via the following two figures;
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88.10K

A B

Figure 49. Contrast between the first order phase change (A)

and the lambda point (B)

Diagram A shows a phase change between the alpha phase and

the beta phase. A second-order transition, as shown in diagram

B, is not defined to be a phase change. The broken curve o stands

for the Gibbs function of a hypothetical phase with a - 0, where a is

called the degree of order (p 163, ref. 43), a 0 is usually

associated with complete randomness. The broken curve is metastable

with respect to the solid curve labeled eq, since the former is

higher in, energy.

When a crystal is cooled below the lambda point reasonably

slowly, the solid will be in the eq-stable phase. The metastable

phase can sometimes be realized by sudden chilling from a tempera-

ture above the lambda point. This sudden chilling is more likely

in the Raman experiments in which a metal substrate and the Die-

plex TM Cryogenic Refrigerator, which has a faster cooling than

the Cryo-Tip used in most of the infrared experiments, were used.



Assuming this has actually happened in the experiments, we ha

correlated the solid oeurve with the beta phase, the broken o

curve with the supercooled beta phase (because it showed disorder)

and the solid eq curve with the delta phase. The coexistence o

the delta and the supercooled beta phases (traces E, I, and K of

Figures 15 and 16) can be accounted for in the following way;

Right below the lambda point, some of the solid sample was

in the stable phase and the rest of the sample in the metastable

phase. The proportion of these two phases depends on the rate of

chilling. It should also depend on the stability of the metastable

phase with respect to the stable phase, because a certain amount

of the former might already have transformed into the latter before

the succeeding first-order transition took place. When the first-

order transition was reached, the metastable phase remained un-

affected; but the stable phase transformed into the delta phase with

respect to which the metastable phase is relatively stable. Because

the disordered structures persisted at 200K, the supercooled beta

phase (or the metastable phase) cannot be the one which underwent

the transition at 30.290K.

The Gamma Phase Structure Deduction

Under the framework that we have built up about the gamma phase

so fart it is still impossible to propose a unique model for the

structure of this phase. Nevertheless, we will try two hexagonal

and one tetragonal examples on the assumption that the site is



of Cs symmetry, bearing in mind that the 02 spectrum of PH3 in

If-PD3 contradicts a single Cs site and two sites contradict the

spectra of PH2D and PHD2 isolated in .10.1)D3.

A hexagonal structure must have a factor group possessing one

of the following point-group symmetries: C3, D3, C3i, C3v, D3d,

C3h, D3h, C6, D6, C6v, C6h, and D6h. The PH3 molecules in this

phase definitely reside at Cs site whose symmetry group must be the,

subgroup of not only the free-molecule-point group, but also the

unit-cell-factor group. Therefore, C3, D3, C31, C6, and D6 which do

not contain the C
s
subgroup (46, 47) can be excluded from the list

above. We further impose the factor group activity requirement

on the remaining point groups, C3v, D3d C3h, D3h, C6 C6h' and

D6h.
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It was observed before the
2
had one strong and at least two

(maybe three) weak Raman bands, and two strong IR bands (maybe one

weak IR band, in addition). Thus, we expect the correct factor

group symmetry to give rise to one totally symmetric and at least

two nontotally symmetric Raman active modes (we will try to eliminate

the possibility of two distinct sites shortly), and at least two IR

active modes in the t)2 region. In the region, it is desired to

have either three or four infrared active and five Raman active

vibrations. Likewise, we expect the same activity for the stretching

regions.

Among the last possibilities of factor group symmetry, C3h and

C
6h are rejected because of the fact that they cannot

the numbers of bands observed in all of the regions.
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have to be neglected, because they will give rise to one strong

And one week Raman hand over the
2

and 0
1
regions and also because

they will result in only three Raman hands (one weak and two strong)

in the J3 and 0
4

regions. C
6v

predicts that the infrared and the

Raman bands should have two coincidences in the 01 and 02 regions,

and three in the J3 and 0
4

regions. It is not too likely that there

would he so many coincidences in these regions.

In view of the number of bands, the number of coincidences

between the infrared and the Raman bands, and the Raman intensity

pattern, D
3h

and D
6h

appear to be the most probable symmetries of

the gamma phase. D3h can have two kinds of Cs subgroups, one with

ah element, the other with ay. The former will give rise to two

coincidences in all the intramolecular fundamental regions. There.

fore, D3h with Cs (ah) is in the same class as Cow For the factor

group, D
3h

, with Cs (av)Site, the correlation is as follows:

Free Molecule Site Primitive Cell

C3v Cs(ay) D3h (hexagonal)

Al Rm
1 1)1' 2 ' t'RTT

A/
2

El IR,Rm 01,2,23,294,0iz,20,ETT,
Rz A

2

E

Rz,21)R5

A"
1

A2
2 19°2'61414"?Tz"in

1)gri.

Ea Rm 01,02,203,21).,
4 °T102°Trr'it302r



J1 °2 04 °T °L

IR 6c Rm 1 1 2 2 2 3

Rm 3 3 5 5 7 7

IR 2 2 3 3 3 4

For the factor group, Doh, we can briefly correlate the molecular

species to the unit cell active species in the following manner.

Cs(ah)

Ala + 2E28 + 2E
lu

Cs(av or ad)

A
g

E
lg

E
2g

+

A
2

2E + A
2u

E + E + E
lulg

El
2g

E ---->.Alg + 2E + 2E + A
u

Al +2E +2E +2E
lu

+ A
2u2g lu 2 g lg 2g

+ 2E1

Subtracting three degrees of crystal-translational freedom from

the IR active (mutual exclusion rule applies here) unit cell species

and remembering the symmetries of fundamental molecular motions,

we expect the following number of bands in each fundamental region

for each of the three alternative sites

01 02 D3 4 0T 01.

Raman 3 3 5

IR 2 2 3

5 8 7

3 3 4

In the following, we first list the predictions of these two

models, which seem to agree with our observation, and then we point

out their disadvantages.

1. Both predict the same number of infrared and Raman active

modes in the intramolecular regions, namely, 2 infrared-
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and 3 Raman-active modes in the 0
1
and 0

2
region, and 3

infrared. and 5 Raman active modes in the 0
3 and J4

regions. This prediction generally agrees with our obser.

%ration except that J2 and V
4
of both PH

3
and PD

3
seem

to have one weak band or shoulder in excess.

2. In the Raman J1 and 0
2
region, there must be one strong

and two weak bands. Agreement between theory and experi-

ment is very good.

3. In the infrared 0
2
and 0

1
(particularly PD

3
) the inten

sities of the two strong bands are not equal. This is

not incompatible with the predictions of the model

(except the D6h with Cs(ah) site) which say one of the two

bands is nondegenerate, while the other is degenerate.

Note that as a whole, the nondegenerate
1
and 2 bands

of solid PH
3
and PD3 in the infrared are observed to be

weaker than the degenerate 03 and 04 bands.

4. In the intermolecular region, two strong translational

modes and one strong librational mode were observed. This

is particularly clear in the PH
3

spectrum. Thus, the 57.5

cm
-1

and 64.3 cm-1 bands of PH3, and the 54.0 Cm- 1 and

62.9 cm -1 of PD
3
can be assigned as the totally symmetric

translational modes, while the 134.8 cm-I band of PH
3
and

107.2 eel band of PD
3
can be assigned as the totally

symmetric librational mode. In connection with this assign-

ment, we note that the intensity pattern in the lattice

region of PD3 is not in complete agreement with that of PH3.
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This is because the PD
3
sample contained more impurities

(Ph D
2
and PH

2
D) than the PH

3
sample did. The presence

of impurities in a perfect crystal could destroy the

translational symmetry to some extent, and the translational

symmetry is the basis of the crystal selection rule.

5. D
3h

predicts exactly the same number of translational

and librational modes in the lattice region as were ob.

served. D
6h

predicts only one translational mode in

excess.

The basic disagreement between the D
3h

and D
6h

models is the

number of molecules per primitive cell and the inversion property

of the crystal. The number of molecules per primitive cell is

obtained by dividing the order of the factor groups by the order

of the site symmetry group. Thus D
6h

predicts 12 molecules per

primitive cell, while D3h, 6. The latter is more likely. A crystal

with D6h symmetry must obey the mutual exclusion rule. But there

seems to have Raman-IR coincidences in each fundamental region.

D
3h predicts one coincidence between the infrared and Raman bands in

the 0
1

and t)
2

region and two coincidences in the
J3

and 0,4 region.

We observed one coincidence in the 02 of loh.PH3 (the equivalent

coincidence in Y-PD
3

is uncertain). At least one IR frequency in t)
1

of lf-PH
3
and Y-PD

3
coincides with the Raman one in a different

manner from that in
2.

It was also observed that there may be two

or three coincidences in ,4 and D . All these are In favor of the
3

D3h model. On the other hand, one may argue that the above-mentioned

coincidences may not be real because of our Raman sampling technique.
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Thus, the D
6h

model is no less likely than the D3h
model.

Another possible structure for the y phase is the tetragonal

D
4h

with single C 01 or 0
d
) site, if one believes that the Raman

v

IR coincidences are not real. We show the simplified correlation

and number of components in each fundamental region for Cs (01,) site

(cs((!d) site will lead to essentially the same correlation) as

follows.

1 g
+ B

lg
+ E

g
+A

2u
+E

A
2

B
2g

+ E
R

+ E

E
l g

+ B
lg

+2E
g

+ A
2u

+2E
u

+ B
2g

)'1. 2 3 4

Raman 3 3 4 4 8 7

IR 2 2 3 3 3 4

The critical points which make this model a potential alterna-

tive are the predictions of one-strong-and-two-weak Raman bands and

two unequal intensity IR bands in t?, and and two totally

symmetric %,,r but one totally symmetric in the Raman region.

Moreover, except the and t'4 regions, it predicts the same number

of components as the D
6h

model does.

From refs. 46 and 47, the space groups which belong to the D3h

2 4 2
and D6h factor groups with single Cs site are D3h, D3h, and D6h.

For the tetragonal D4h , the possible space groups are numerous.

We point out that all of the three models predict only one totally
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symmetric mode in the
3

and
4

regions. It seems difficult to

identify this mode in the t)3 and spectra.

We have pointed out that the doublet of 1113 in Y-PD
3

could

he due to two distinct sites in the unit cell. If this is true,

then each of these two distinct sites should give rise to a doublet

of 2:1 intensity for the isolated PH2D and PHD2 due to the orients:-

tion effect. A total of 4 bands should have been observed for

each mode of the latter species isolated in the Y-host. That this

is not actually the case implies a contradication. However, the

spectra of PH
3'

PH2D, and PHD
2

in the If-host might indicate

rotational tunnelling which would yield a doublet of equal intensity

for PH3 and a doublet of 2s1 intensity for PH2D and PHD2 (Professor

J. C. Decius, private communication). The implication of rotational

tunnelling in the pure crystal have not yet been. worked out.

Interpretation of the h Spectrum of the Delta Phase
IIMIONNIO...

Inversion is Unlikely

The interpretation of the nondegenerate 1)2 spectra of the

delta phase of both PH3 and PD3,is rather difficult, because they

contain at least ten fine bands in the infrared, and one very strong

and maybe nine very weak bands in the Raman, while the degenerate

0
4
spectrum shows an essential lack of any fine structure except

for the high noise level at the band plateau in both the infrared

and Raman. HH invoked the idea of inversion doubling to split

each of the 02 bands in two and thus only need to account for half

of the many bands in the 2 region. Their reasons follow: They
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calculated the decrease in force constants for all the internal

modes as gaseous phosphine was cooled down to "40K," using their

solid frequencies. This decrease in force constants suggests that

the crystal field perturbation must have relaxed the barrier of

inversion; and, since the 92 motion was in the direction of lowering

the barrier, the doubling is likely to occur.

For the following reasons, we believe that inversion doubling

is not likely to occur in solid PH3 and PD3.

1. For pyramidal C
3v

molecules of the form, XY3, XH
3

has

a much larger inversion splitting than XD3, because the

states of the XD
3
are closer to the minima in the same

potential function and also because XD
3
has smaller

tunneling capability due to the larger reduced mass.

For the same reasons, the inversion splitting of XY
3

with heavier X atom is much smaller than that with lighter

X atom. We supply the following splittings (015) in

various states CO to substantiate this idea.

Molecules

ir" 0

ali(cm-1)

1,1°' 2 barrierV"' 1

NH
3

ND
3

PH3

As H3

0.8*

0

4.76 x

3.7 x

10
-4*

10-18*

36.6*

2.4

-*4
2.38 x 10

6 x 10`16*

313

70

2077*

6085*

11220*

* Obtained from reference 48.
ND

3
datum is taken from reference 49.
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According to Nielson and cConaghiels work (50), gaseous

PIL did not show inversion doubling. Solid NH
3

did not

show inversion doubling either. Thus, PH3 molecules in

the solid state may not invert. If the delta phase is

Associated with inversion, the spacing between the

components of the V2 spectrum of PH3 should be much greater

than that for PD
3.

The bands in the 0
2
region were

observed to be separated by about 1.6 cm-1 in the delta

phase of PH
3'

while in PD
3

they were separated by about

.
1.0 cm 1. This decrease in the spacing, going from the

delta phase of PH
3
to that of PD3, is not great enough to

he caused by inversion.

2. If the barrier were lowered by the crystal field perturba-

tion, for a given 42 vibration in the unit cell, its

V (cm")

Figure 46. The potential function of an inversion doubling system
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states (horizontally dotted lines in Figure 46) with

quantum numbers v 0 and v 1 would have been split

more than the unperturbed states (horizontal solid lines),

because the perturbed states are closer to the barrier

top. The two arrows on the left in the right-hand poten-

tial well in Figure 46 show the infrared transitions

(antisymmetric state to symmetric state and vice versa)

which occur in a gaseous PH3 molecule (the splittings

of the v - 0 and 1 states are exaggerated), and two

arrows on the right show the infrared transitions of the

perturbed states in the delta phase. One of the delta

phase frequencies would have been higher and the other

lower than the gas phase frequency, if the crystal field

perturbation were working. The ti2 of the delta phase of

PH
3
occurred at 22 cm-1 below its gas phase value,

and for PD
3

, 11 cm- 1 below. None of the O
2

frequencies

is larger than the gas phase value.

3. If the 9
2

fine structure was really involved in inversion

doubling, the spacing between the Raman bands would have

had to be smaller than the infrared spacing, and the

Raman inversion doublet would have had to be between the

corresponding one in the infrared spectrum. This will

be clear when one compares the distances of the transition

arrows (from symmetric state to symmetric state and anti

symmetric to antisymmetric) in the left -hand well in

Figure 46 with the corresponding ones in the right -hand
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wall.FrmtheRamarlfrequenciesofthe a2 of the delta

phase given in Table 2, it is found that the spacing is

not smaller and no two neighboring frequencies are sand-

wiched between two neighboring infrared frequencies.

Finally, we point out that %)2 exhibits no sign of in-

version in the spectra of PH3 in Ar, Kr, and Xe.

Hindered Rotation

The appearance of the 1)2 Raman spectra looks rather like a strong

Q band with very weak R bands and missing P bands of a gaseous system.

Moreover, there appears to be a regular spacing between two neighbor-

ing bands; this spacing is about 1.6 cm-1 in PH3 and about 1 cm-1 in

PD3. In a gaseous system, the spacing of the rotational fine struc-

ture in a vibrational band is approximately 2B, where B is the rota-

tional constant. The ratio of rotational spacing of PH
3
to PD

3
is

found to be about 2. This ratio roughly agrees with what was observed.

These findings prompted a relative vibration-rotational-line intensity

calculation for a hypothetical phosphine gas at 20°K and at 4°K.

The result of the calculation performed by using the computer

program written by Prof. J. W. Nibler (based on the line strength ex-

pression given in page 110, ref. 48) are shown in the next two pages.

In this calculation, it was assumed that the rotor is rigid,

and that there is no interaction between vibration and rotation and

no difference between the rotational constants in the upper and
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Figure 47, Relative rotational line intensity in the infrared J2 region of a hypothetical
PH

3
gas at 20°K
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Figure 48. Relative rotational line intensity in the infrared 02. region of a
hypothetical PH

3
gas at 4°K
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lower vibrational states. This is why the rotational lines in the

next two figures are equally spaced. It is noticed that the

intensity pattern of the 200K PH
3
gas bears slight resemblance

to that shown in Figure 29. A more practical comparison between

these two patterns can be realized by adjusting the spacing in the

hypothetical model to fit the actual one. Although we do not

believe the idea of free rotation, this slight analogy in intensity

pattern at least suggests that the multiplet structure is related to

some motion similar to rotation -- restricted rotation. If the

multiplet structure were due to free rotation at all, our 40K

experiment should have given rise to a drastically different

spectrum as indicated by Figure 48, instead of merely the very

tiny differences which we pointed out in the section on the high

resolution spectra of solid 1'H3. The restricted rotation may

not be in contradiction with the 40K experiment. If the initial

states of the transitions in this restricted rotational model are

quite close, then the temperature effect will not have marked

influence on the relative population change. A slight temperature

effect on two pairs of the bands in the 0
2

region was observed.

In order for this restricted rotation to appear in the 0,
2
region,

some coupling must exist between the restricted rotation and vibra

tion. It may be that the 0
2
vibration of a molecule interacts

with the restricted rotation of its neighbor in the same primitive

cell.
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Many molecules per primitive cell

After the completion of this work, Franciaos infrared studies

on solid phosphine at low temperature became available. Her work,

under higher resolution, showed a structure rich stretching spectrum

of delta-PD
3
and delta-PH

3
(particularly). Our stretching spectrum

of delta-PD
3

(the broken IR trace, Fig. 38) resembles closely her

corresponding one, although our delta-PH
3

film was too thick to

resolve fine structure. From the stretching and the J2 spectra,

it is possible and likely that the delta-phase is consisted of many

molecules per unit cell.
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APPENDIX I

FREQUENCY CALCULATION OF PH
2
D and PHD

2
ISOLATED IN SOLID PH

3
AND PD

D

x

The Cartesian coordinates in the figure above is the moving

frameofreference.Fora3' ri 1.42 s30 50'. In

this appendix, the symbol, 6, is always used to mean the infinitesi-

mal change of the quantity which follows this symbol. Atom 2 is point-

ing up from the paper (my) plane, atom 3 down from the By plane. The

Cartesian coordinates of the 4 atoms, which were used in the computer

calculation, are
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atom # x y z

4 0 0 0

1 0 1.197553 -0.763064

2 1.037111 -0.598776 -0.763064

3 -1.037111 -0.598776 -0.763064

The unsymmetrized G matrix of PH3 and PD3 take the following form:

2
3

6r
1

6r or 6al oa2 60:3

orl I Gr Gr G; 1 G a Gr ra, Graf

' 'G G6r2 Gr ra Gra

or
3

Gr
Graf

O. I G G' G'
1 a a a

i

612 i
Ga G'

a

61.3 0

, where the blocks and

the whole matrix are
symmetric.

Similarly, the unsymmetrized G matrix of the intermediate species PH2D

and PHD
2

is

G G G G G
1 . 1

r ra ra ra
. 1

G G G Gr ra ra

G C'r ra

G G
M M

G
M

G G'
al al

G
al-

, where the blocks and
the whole matrix are
symmetric.

The unsymmetrized F matrix of all the four molecules is of the same

form as the unsymmetrized G matrix of PH3 and PD3 within the harmonic
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approximation. In terms of molecular parameters and atomic masses,the

G matrix of the four molecules can be generally written as the one

shown in next page. In order to make the units of the terms in the

potentinl energy expansion the same, some of the force constants

have to be multiplied by r, and some by r
2

. These r and r
2

will cancel

the r-1 and r-2 factors in the G matrix, when the G and F matrices

are multiplied together. It is preferred to leave the r
-1 and r-2

factors out now, so that the force constants do not have to be multi-

plied by r or r2 later. This is why the factors, r-1 and r-2, are

missing from the elements of the unsymmetrized G matrix next page.

The parameters to be substituted into the elements of the matrix

in the next page are

sin a - sin 93050' a,. 0.99776

cos a - cos 93 °50' -0.06685

0.992236; mH 1.007825

0.03228534; mp 30.973803

Akio 0.496500; nip 2.014097

In the same matrix, Hi represents the deuterium atom, and H2 and H3

the hydrogen atoms in the case of PH2D. Similarly, H1 represents

the hydrogen agom, and H2 and H3 the deuterium atoms in the case of

PHD2.

Replacing the numerical values into this general G matrix, the

following four G matrices were obtained. After these four matrices,

the ones calculated by computer are supplied. Note that Schacht-

'schneiderts program did not omit the factors, r-1 r
-2



Ap+, Aco(cos pccs DI

+Ai COSK

P 1{2 P

sin 2Q(
14-C OS

sing(

h sin 20(
1+CC6K

-Pp sin PC

4./p sinK

B sin 2C(
7ip 3.+COS pC

3+2( l-cosh) i+cCCISolCoct-pp(3C°SK+1)(1-COSX)
1+CC6 2

1+C.-Z( r (3CCSX+11(1-CC60()
p 1+CC60(

CO SK

3

Rii
3.

+ftri
3

+2( 1-COSC
r

1/ cos 0. (3COM+1)(1-cCsK)
Pii

1
1.+Ct0( p 1+COs

NA
+it +2(1-CCSP(g

2



0PH3-

GeD3

GpH2Dm

G0102

Gpn

1.024521 4.002158 - 0.002158 0.0046154

1.024521 - 0.002158
1.024521

2.053359
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4.032213 -0.032213 1

0.0046154 -0.032213
0.0046154

- 0.0415743 -0.0415743
2.053359 -0.0415743

2.053359 j

0.528785 - 0.002158 -0.002158 0.0046154 4.032213 -0.032213

0.928785 4.002158 0.0046154 - 0.032213

0.528785 0.0046154

1.061887 - 0.0060602 -0.0060602
1.061887 -0.0060602

1.061887

0.528785 - 0.002158 -0.002158 0.0046154 -0.032213 -0.032213 1

1.024521 - 0.002158 0.0046154 -0.032213
1.024521 0.00461541

2.053359 -0.0415743 -0.0415743
1.5576232 -0.0060602

1.55762321

1.024521 - 0.002158 -0.002158 0.0046154 -0.032213 -0.032213
0.528785 - 0.002158 0.0046154 -0.032213

0.528785 0.0046154
1.061887 4.0060602 -0.0060602

1.5376232 -0.04157431
1.5576232)

1.024521 4.002158 -0.002158 0.003250
1.024521 - 0.002158

1.024521
1.018330

0.528786 - 0.002158 -0.002158 0.003250
0.528786 - 0.002158

0.528786
0.526626

'0.528786 -0.002158 -0.002158 0.003250
1.024521 - 0.002158

1.024521
1.018330

4.022685
0.003250

-0.020619
1.018330

- 0.022685

0.003250

-0.003006
0.526626

-0.022685
0.003250

.0.020619
0.772478

-0.022685
- 0.022685

0.003250
-0.020619
-0.020619
1.018330E

- 0.022685

-0.022685
0.003250

-0.003006

-0.003006
0.526626

-0.022685
4.022685
0.003250

- 0.020619

- 0.003006

0.772478



2

r

1.024571 -0.002158 -0.002158 0.003250 -0.022685
0.528786 -0.002158 0.003250

0.528786
0.526626 -0.003006

0.772478
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-0.022685
-0.022685
0.003250

-0.003006
-0.020619
0.772478

To symmetrize the F and G matrices, use is made of the famous

Wigner crank (or the projection operator)

g(1) const. E X(Y)*RAi
R

where Y refers to all of the representations in the molecular point

group.

Ai refers to the internal coordinate, i, in a symmetrically

equivalent set (p 85, ref. 22) e.g. (SRI, 6a2, ort3 is a set,

and ori, br2, or3 is also a set.

R is the symmetry element in the molecular point group.

7C(RY) is the character corresponding to a given representation, Y,

and symmetry element, R.

The summation is over all elements in the molecular point group.

For example,

C
3v

E 2C
3 3av

C
s ay

Al 1 1 1 Al 1 1

A2 1 1 -1 A" 1 -1

2 -1 0 Note that a is the paper
plane in thj figure, page 192

Under C3,1 (refer to page 192 for internal coordinates,)
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2S")(6r ) coast. [2E6r + (-1) C 6r
1
+ (-1) C

3
or

1
+ 0 3a1,6r/3

1

AE)
S

(
(6r

1
) 716w" (26r1- 6r2 -6r3).-6r

3
).

1

Likewise, ono has

g2E)(6r
2
)

j16
(-6r

1
+26r

2
-6r

3
)

S3 .
E)f 63 ) fr .-6r

1
-6r

2
+26r

3
)

,F6-

These three S vectors belong to a vector space whose basis vectors

Are the symmetrized coordinates (transform as the E species) which

we are looking for, and which can be obtained by the row-echelon tech-

nique as follows:

2 -I -1 2 -1 -I.` '2 -1

-1 2 -1 -1 2 -1 0 3

-1 -1 2 0 3 -3, ,0 3

-11 2 -1

-3 0 I

-3 J 0 0

Thus, this E-vector space is spanned by the following two linearly

independent vectors.

(E)
S1 (or) 20r

1
- or

2
- or

3

(E)
S (60 - or

2
- or3

(E).
S Or, can also be obtained by the famous Gram-Schmidt orthogonaliza-

tion process.



g2-021 g1>1 g2 '111

021 glXg1

where "1011 gi> 1

Therefore, the new vector perpendicular to the S1 is

(E)
S = -1- (-6r

1
+26r

2
-6r

3
) ---ji7

_a-- or -1--
T6 -

6n1216 2 2

(E)(61.)
(6r2 -6r3).

1

2
(26r1-

6r2
-6r3)

Totally, the following symmetrized coordinates are obtained.

gr(A1)= 1 (6r1+6r2+6r3)

go(011)=.7.1,(6a1+6N2+0-3)

r
(E) = 1 (26r

1
-6r

2
-6r

3
)

Tr
sr(E)

1-11(6r2-6r3)

(E) = 1 (26(Y. -6ft -6ft )
a 77- 1 2 3

where k may be 2 or 3.
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1, (A9 Sr(A') -drl

t)2(A') kt(A92:6(11

3
(A1)---g

kr(A')=
1y (or

2
+or

3
)

l

1,3(A")---gr (A")am 1 (6r
2
-6r

3
)

IT

4
(AI)---g (A' )a 1 (6ft tort

3
)71--- 2

4
(A")---,S% (A")= 1 '(oa -V( )

cq< Tr 2 3

Note that the basis vectors of a vector space such as the space

spanned by the unit vectors, g
r
(A') and S (A'), is not

rk

this S
r
(AI) space can be alternatively spanned by

unique. Thus,
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%.(m) - (6r1 + 6r2 + Or3)

and S
r

(A0) m 1
(26r

1
- Or

2
- Or

3
).

Now that the coordinates are symmetrized, the F and G matrices

also have to be symmetrized. Let the linear transformation,which take

oaj into Si, be U, then

S UA or E U. .A..
j 13

This equation can be written as

1 '

S
r
(A

1
)

Sr'(E)

s
q
(E)

LS'R (E)

)

where the U has been normalized. .11+11 m 111.(1J = 1, since U is a coordin-

ate transformation. This U will remain the same for the species PH2D

and PHD
2'

if the alternative bases vectors for the S
r
(At) and S

a
(ht)

spaces are used.

In the chapter on the spectra of the isolated species, the

following equation has been used.

1 1 1

0

1

1-3.-

0

2

0

1

13

0

1

0

1

Orl

6r2

or
3

(Sal

Oat

[Oa3

1T

0

2

J6

0

0

0

J3

0

1

-J6

0

1

II

0

1

TT

0

1

J6

0

1

,W

0

1

X
0

0

16-

0

1

Tr

T
0

IT

0 .12

2V = A FA, which can be transformed into
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+ S
+

(UFU )S

s p's

where F is the symmetrized F matrix, which can be written as

F + UFU+

U"1F

U F rF 11+

j -lk 'mk

EU F EF
im

U
jk m km

Since species of different symmetries do not interact, the F

with j 0 k must vanish. So, we have simply

U F EFU
ki m im km

or F E F U
Uki j ij kj

The last equation is called "Lipmann short cut." A similar equation

can be obtained for the symmetrized G matrix elements. As an example,

the F
11

element is calculated in the following.

1
Fll Uli j

F U
lj

ul-CFilUil+Fi2U12+Fi3U,-+F16U14+Fi51/15+Fi6U16]

U
11
L'11'114.r12u124'13'131U 1.1.21v11+r22'12'K23'13J

12

'31wn 11'.132`n 12-4.-33n w13]
13

k- 3 N.
3 d3 r r'

F
r

+ 2F'
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The elements of the symmetrized G matrix of PH3 and PD3 were

calculated

form.

Sr(A)

stx(A)

Sr(E)

5a( E)

Sr(E)

sbi(E)

in exactly the same way.

Sr(A) Sy,(A)
Sr(E)

G
r
+2G

r
G
rk

+2Grx 0

f .

Grtx+2Gis
G,+2GA, 0a v% v

0 0 G
r
-G
r

.
0 0 G -G

r0(roC

0 0 0

0 0 0

This G matrix takes the following

Six(E) Sr(E) SDA(E)

0 0 0

0 0 0

0 0G
r0C-Gro(

I
Go(-G 0( 0 0

G -G G -G
0 r r rOIC ro<

0 G -G Gh-G ptGrpr0( v

Replacing the numerical values into the matrix above, we obtain

1.020205 - 0,0598106
0 0

-0.0598106 1,9702104
G to

G
-P D3

0 1.026679 0.0368284
0

0.036828 2.0949333
1.026679 0.0368284
0.0368284 2.09493330 0

0.524469 -0.0598106
- 0,0598106 1.04976654

0 0.530943 0.0368284
0.036828 1.067947

0 0

The computer-calculated GPH

G
-P H3

3

1.020204 -0.042120
-0.042120 0.977092

0

0

0.524469 -0.042120
-0.042120 0.520614

and G follow
P D3

0

0

0,530943 0.0368284
0.0368284 1.067947

0 0

1.026679 0.025936
0.025936 1.038949

0
1.026679 0.025936
0.025936 1.0389149,

0 0

0.530944 0.025936
0 0

0.025936 0.529632

0 0
0.530944 0.025936

0.025936 0.529632
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The symmetrized G matrix of PH2D and PHD2 cannot be obtained

by the short method described in ref. 22. Instead, it was obtained

by literally multiplying out U G U. After the tedious manipulation,

one gets the matrix in the following page.

Substituting the numerical values into the matrix elements of

the matrix in next page, one gets

G
PH2D

G .

'0,8549596 -0.0598106 -0.2336923
1.6800626 0

0 0.6961883
0

0 0 0

0.2169507 0 0
0.0368284 0 0

1.9415260 0 0
O 0 0 0
O 0 0 0

1.026679 0.036828,

1.563683)

0.6897143 -0.0598106 0.2336923 0 0 0 1

1.3565813 0 -0.2169509 0 0
0 0.8614336 0.0368284 0 0

O 1.2213546 0 0
0 0 0

0

0 0.530943 0.036828
0 0 0 1.599197)

The computer-calculated G and 2PHD2 are
-PH2D

G
PH2D

0.854959 -0.042120
0.824933

0
0

0
0

0
0

0.689714 -0.042120
0.672774

GPI1D2 0
0

0
0

0

0

-0.233692 0 0 0
0 0.107593 0 0

0.696189 0.025936 0 0
0.962869 0 0

0 0
0 0

0.233692
0

0.861434

0

0

0

-0.107593
0.025936
0.605712

0

0

1.026679 0.025936
0.775484

0 0

0 0

0 0

0 0

0.530944 0.025936
0.793097

We are now ready to calculate the frequencies of PH2D and PHD2.

The stretching frequencies will be first calculated and then the bend-

ing ones. For the first purpose, we replace the calculated G and the

observed (211a)2 of PH3 into the following secular equation to



Sr (A

S (A

SrE

Sr( A, )

( G +2Gr+6(r )3 9.

G +2Gr

G G r)rl r

0

SaL( A )

Gra+2GT

I f
3( Gcc+4G,I+2Ga1 +2Gct1

0

I ,
( Ga-K.,aGd.1G0:1)

3

SrE(A, ) S (A' )

33
G G r)
rl r

0

0 3 ( Goc+G G G )a c(-1

( 2G +G 3G' )3 ri r r

Gra G r cc

G Grcc r

1 2G cc-4G
a.

ct+Gct. +Gct3

SrE( A" ) ScLE( A" )

0

G G Gr rctGrct

G
oc
G G c43.rd.



obtain a force constant for a given vibration, assuming the high, and

low frequencies are separable.

IFG-Xl 0

Next, the same calculation is repeated for PD
3
to find another force

constant of the same vibration. The averaged value of these two

force constants is then replaced, along with the G
PH2D

and GPHD2

into the corresponding secular equation to find the eigenvalues of

PH
2
D and PHD

2' The following illustrates this calculation in steps.

The stretching frequencies of PH2D:

2
Xm "Ci k2Tick, J f

m

where the subscript m means that the unit used is in terms of

a single atom rather than a mole of atom which was previously

used in our G matrix calculation. Expressed in the.molar unit,

the above equation becomes

(2Tic:171)2
Xm

N

I

[ c.

f
Nm

f g where N Avogadro's number

2 speed of light

)/11

r/2 -2
[1.302876 x 10")) cm sec

2

( 13023$76
287601 )

x 10
5

sec-
2

.1 3.11897 x 105 sec

Since the G
PH and F are in nice diagonal-block form, it is

3
PH

3

possible to decompose the whole secular equation into



206

secular-equations each of which corresponds to one of the diagonal

blocks. The first block is of Al symmetry.

. / ,

111 112

[

F
-21 -22,

1.020205 -0.0598106
-

...X

0

j 0

-0.0598106 1.9702104)

Now, the high-low frequency separation approximation says that

it is roughly correct to leave out the column and row correspond-

ing to the coordinate whose diagonal force constant (i.e. the

J2 constant here) vanishes.

F = X =
3.11397 x 105 sec-2 0

572mdyneA-4-11-G11 1
or F

-11 1.020205 g-1
=3.0

Likewise,

2 5 -22313.2 x 105 sec-2 F 3.15213 x 10 sec..) =
' 1302.876 -33 1.026679 g-1

0-1
3.07022 mdyneA

In the same manner, the following quantities are obtained for

LID
3 (prime refers to deuterium).

II .( 1667.7 )2 -5 -
F

2 1 638912 x 105 sec-2x lu sec --7-4 ="1 1302.876 11 0.524469 g-1

3.1249 mdyneX-1

5 -2 F'ko N.( 1682 )2
x 10 sec ==>k =

1.66659 x 10
5

sec
-2

3 1302.876 -33 0.530943 g-1

3.13893 mdyne4-1

The average force constants are
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F
11

3.0911 mdyne A-1

F
33

3.1046 mdyne A -1.

The next step is to apply the high-low frequency separation

approximation to the 4x4 block and the 2x2 blocks of the secular

equation, IFG-EX1 0, of PH2D and PHD2. The result is a

simpler equation as the one shown below. Note that the F13

and F
31 elements are both zero, since F

r
Fr. For simplicity,

1
-

the 10
5
factor of the X's, and the units of the A's and the Fills

are left out in the following calculation.

Ill
0 0

0 F
33

0
-

,
G
11 -13

G 0

G
31

G
55

0 -

X 0

0 X

0

.0 ==0

L 0 0 F
3-3,.. 0 0 G

55
0 0 k

3.0911 0 0 (0.85496 -0.23369 ik 0 01

0 3.1046 0 -0.23369 0.69619 0 0 X 0 0

0 0 3.1046 0 .0 1.02668 0 0 xi

(i) X
3
(A") °a 3.1046 x 1.02668 3.1874

^153(A") .6.1874(1302.9)2 2326.1 cel

(ii

2.64277 -0.72236' 0

_70.72551 2.16139 0 k,

x
2
- 4.80416 X + 5.18798 0

4.80416 4. 1.52579A-
2

-0



X
1
(A') = 1.63919 7,5

1
(A')

3
(AO = 3.16498 ..-.-->..k33(A')

1.63919(1302.9)2 1668.1 crn-1

3.16498(1302.9)2 2317.9 cm-

The stretching frequencies of PHD2'

'3.0911 0 0 s' 0.6897143 0.2336923

0 3.1046 0 0.2336923 0.8614336

0 0 3.1046, 0 0 0.530943,

(i) x3 (A") ® 3.1046 x 0.530943

-6(AP) 11.64837(1302.9)2 1672.8 cm-1

(ii) x2 - 4.8064 X + 5.18763 = 0

. 4.8064 * 1.5333
2

x1(A') = 1.6366r4(A') = 1668 cm-1

x3(A') - 3.16985=;k(A') = 2319.7 cm-1

,0 0

At this stage, it is desired to see if the high-low frequency

separation has caused any significant error in calculated frequencies

or not. According to the product rule, one has (if the separation

is valid)

F
-11-G41

f2
XI

V1o
J1

Gi \)'2
11

or es , since the force field of PD
11 vl of PH

3.
3

GI/ 0.5524469

G
11

1.020205
- 0.5141

s the same as that
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12
1 .(1667.7)

2
m 0.5253

WI 2301

Thus, the theoretical value is 0.5253-0.5141 x 100 2.1% off
0.5253

with respect to the observed one. This 2.1% is in the order of

magnitude of anharmonicity. Therefore, the high and low frequencies

are separable.

The bending frequencies of PH2D and PHD2:

To find the bending frequencies of PH2D and PHD2, one has to

invert both the F and G matrices. The following inverse G matrices,

K's, were obtained. The 4x4 blocks of G and G were inverted
13112D

-PHD
2

by computer.

K
3

0.9819427 0.0293093 0 0 0 0 1
0.0298093 0.5084649 0 0 0 0

O 0 0.9746288 -0.01713373 0 0
0 0 -0.01713373 0.4776433
0 0

O 0

1.919159 0.1093444
0.1093444 0.958822

K 0 0-0
3 0 0

0 0 0 0 1.887957 -0.0651066
0 0 0 0 -0.06510664 0.9386212

KH
2

0 0 0.9746288 -0.0171337
0 0 -0.01713373 0.4776433

0 0 0 0
0 0 0 0

1.887957 -0.06510664 0 0
-0.06510664 0.9386212 0 0

1.2916979
0.0477374
0.4343074

-0.0135726

0.0477374 0.4343074 -0.0135726 0 0
0.6057035 0.0196243 -0.0680550 0
0.0196243 1.5838840 -0.0322472 0 0

-0.0680550 -0.0322372 0.5232749 0 0
O 0 0 0 0.9748379 -0.0229597
O 0 0 0 -0.0229597 0.6400564

I

1.6042.150

0.0749622
K -0.4363280D

2 0.0264726

0.0749622 -0.4363280 0.0264726 0 0
0.7622315 -0.0261582 0.1361850 0 0

-0.0261582 1.2810741 -0.0432757 0 0
0.1361850 -0.0432757 0.8442587 0 0

0 0 0 0 1.8864548 -0.0434437
O 0 0 0 -0.0434437 0.6263141,



The compliance matrix, C, takes the same form as its inverse, F.

C1111

C71-21

0

0

0

0

-12

-22

0

0

0

0

0

0

C33 C34
33 34

E43 g44

0 0

0 0

0 0

0

0

0 0

C C
3 34

-4C3 C444

To calculate the averaged compliance elements of the bending vibra

tions, the rows and columns of this compliance matrix, whose dia

elements correspond to the stretching vibrations are set equal to

zero. Thus, the secular equation, IK C ci)E1

two simple equations.

(i) C 1
2- 2-22

A2

1 1
C
- 22 K22 2 0.5084649 g-

1302.9
980

onal

10- sec2 =

3.476233.10-5 dyne-1 cm

3.476233 (mdyne)-1

(ii) 2441(4'6 -

)`-4

C
. 1 . 1 (1302.9

-44 i44k4 0.4776433g 1097

2.953283 (mdyne)-1

sect
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In the case of-
3-
, one has

()) Kg m -> CI ,,,, I (1302.9
\2.

10-5 gsec2
22-22 A; -22 0.95682 719 /

3.424730 (mdyne)-1 A

I
1 1

-4
1302.9) g sect

2

=(it) C K
4-44 -C44 ® 0.9386212( 790

4

2.89786 (mdyne)-1

The average compliance constants for and 0
4

are

3.450482 (mdyne) I
222

2.925572 (mdyne)-1

These average compliance constants and the limo
2

and the K
PH D

are
2

replaced in the secular equationdK C- El= 0, of PH2D and PHD2. The

rows and columns whose diagonal elements correspond to the stretch-

ing vibrations are again set equal to zero. (In the following

calculation, the units of the A.'s and the Cii's and the factor 10-5

are dropped out.)

For PH?,

1

0.6057035 -0.068055 0 3.450482 0 0 X 0 0

1

-0.063055 0.5232749 0 0 2.925572 0 0 0 =0

[ 0 0 0.6400564 0

1

0 2.925572 L0 0

1

2.0899690-A -0.1990998 0
1

-0.2348226 1.5308784-X 0 =0
1

0 0 1.8725311-k



(1)
1

. (A") = 1.8725311 x ( 02

`
1(1302.9)2

1.8725311 (0.9065528) a x 10 = 952.1 cm
-1

(11) (2.0899690 - X-1)(1.5308784,k-1) - 0.0467531 = 0

34_62022LP1L0,206822...1
2

1

\
= 1.45701 52(A`)

(1302.9) 2
1-

= 1079,4 mc1.4570136

1 1(A,\ = 2.16383374IVA')
1'2

(1302,9)2 885.7 cm-
2.16383374"

For 2'
0,7622315

10,1361850

L 0

212

0.1361850

0.8442587

0

0

0

0.6263141

3.450482

0

0

0

2.925572

0

0

0

2.92557)

X.-.1

0

0

0 0

k-1 0

0

2.6300661-X-1 0,3984190 0

0.4699039 2.4699396-k -1 0

0 0 1.83232704.-1

=0

(i)
32A 41

A")
1 8323270 =

(18302.9)
. 962.5 cm-1

A( 1 3270

(ii) (2.6300661-X-1)(2.4699396-k-1)-0.1872186 = 0

x-1 5,1000057 - 0,8800653

-2

1 (1302.9)2
k (A,) 2.1099702___(A,)

7,1 2.1099702
897 cm

-1

21' '

1 0.
/ 2
302.9)

753.5 cm
-1

(A,) = 2.9900355 =4(A,)
2.99003554
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