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been investigated. The structure analysis was aided by ab initio geometry optimizations 
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system model includes the two most abundant gas-phase conformers suggested by these 
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The molecular structure and conformational composition of3-chloro-l-propanol 
has been investigated at two temperatures, 115°C and 367 °C. The structure analysis was 
aided by ab initio geometry optimizations at the HF/6-31G* basis level. Some parameter 
results (rg/A, Zjdeg) with 2o uncertainties are: r(CC) = 1.527 (5); dr(C1C2-C2C3) = 0.045 
(16); r(C-0) = 1.424 (6); r(C Cl) = 1.803 (4); ICCC1 = 111.6 (11); L(CCC,CCO) = 
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(9); r(C Cl) = 1.801 (13); ZCCC1= 110.1 (39); L(CCC,CCO) = 111.0 (30) at 367 °C. 
The percentage of hydrogen-bonded species is 4% (14) at 115 °C and 5% (24) at 367 °C. 

The molecular structure of 
2,2',5,5'-tetramethy1-1,1'-distibaferrocene has been 

investigated. The gas-phase results suggest a structure similar to the crystal in which the 
rings face each other as in ferrocene itself, with the antimony atoms in an eclipsed 
configuration, and in close enough proximity to provide an SbSb bond via the pz orbitals. 
However the data are somewhat poor and are inconclusive about details ofthe structure. 
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GAS-PHASE ELECTRON-DIFFRACTION INVESTIGATIONS OF
 

I. WF62 ReF6, 006, IrF6, PtF62 02PtF6 

II. 3-Aminoacrolein 

3-Chloro-l-propanol 

IV. 2,2%5, 5'-Tetramethyl- 1, 1 '-distibaferrocene 

CHAPTER I 

INTRODUCTION 

Electron diffraction has been employed as a technique for investigating molecular 

structures at Oregon State University for many years, and although the details of the 

experimental apparatus and data reduction have been described in many articlesw a brief 

summary is presented in this introductory chapter to reacquaint the reader with them. A 

new method for data acquisition, which has recently been implemented in the laboratory, 

is given a more detailed description in the appendices. 

The apparatus. The diffraction chamber is a large metal canister with a 

commercial electron gun seated on the top. Figure 1.1 is a diagram of the apparatus. 

Electrons leaving the gun are accelerated through a nominal 60 kV potential toward the 

base of the chamber. Several ports at various heights on the side of the chamber allow 

insertion of a nozzle used to admit sample into the apparatus. The nozzle assembly extends 

from outside the apparatus to within about a millimeter of the undiffracted electron beam. 

Two different nozzle types, to be discussed, were used in the experiments of the succeeding 

chapters. Vapor of the molecules of interest enters the apparatus through the nozzle and 

interacts with the electron beam, scattering a portion of it. A photographic plate located at 

the base of the chamber and perpendicular to the beam records the scattering pattern. The 

distance from the nozzle to the photographic plate is known as the camera height and the 
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Figure 1.1. Drawing of the Oregon State University electron-diffractionapparatus. 
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experiments in the succeeding chapters used heights of nominally 30 cm (middle camera) 

and 75 cm (long camera). 

Very little of the electron beam is actually scattered by the sample, considerably less 

than one percent. This leaves a very intense central beam that is captured in a cylindrical 

beam stop. The scattered electron intensity falls off rapidly with scattering angle, and were 

it not modified would result in a photographic plate which would be very dark in the center 

and virtually blank near the edgeseven for quite short exposures. Accordingly, a sector 

(a flat, brass, cam-like device cut with an angular opening proportional to the cube of the 

radius from a center point) is situated parallel to and just above the photographic plate, and 

is rotated during the experiment to allow longer exposure times and a more even 

distribution of the intensity. The exposed photographic plates are usually developed in a 

solution of Kodak D19 developer diluted 2:1. 

Nozzles. For the work of this thesis, two types of nozzles were used to deliver 

sample into the diffraction chamber. One of these, designed for use in the -150 °C to 400 

°C range, was used for the samples discussed in chapters II, III and IV. A detailed 

description of this nozzle can be found in reference 1. Sample containers, usually equipped 

with a valve, are attached to the nozzle outside the apparatus via a Swagelock fitting. 

A new, electrically heated, nozzle-oven has been built for samples that must be 

handled under conditions that cannot be met by the nozzle mentioned above. Among these 

is the requirement of very high temperatures (up to 850 °C) to achieve sample vapor 

pressures suitable for a gas electron diffraction (GED) experiment. The oven is especially 

useful for nonreactive solid samples and hence was used for the samples discussed in 

chapters III and V. (The sample of chapter III was especially difficult and both nozzles 
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types were used in an effort to obtain satisfactory plates.) This nozzle-oven, equipped with 

a needle valve, is fixed to the end of a long rod attached to the outside of the apparatus. 

It is somewhat more cumbersome to use since samples must be placed inside before it is 

inserted into the apparatus. 

Data acquisition. The information about the molecular structure is recorded on 

the photographic plate as a series of diffuse concentric rings. The intensity and spacings 

of the rings carry information about the molecular structure and vibrational amplitudes. 

The data are extracted from the plate and converted to a digitized optical density format 

using a modified Joyce-Lobel microdensitometer interfaced to a personal computer. Details 

of the new data acquisition procedure and voltage-to-density conversion are given in the 

appendices. 

Data reduction. The molecular structure information contained in the digitized 

optical density data are superimposed upon a structure-insensitive background. The 

electron-diffraction data are reduced and computer generated backgrounds(2) subtracted 

using computer programs developed at Oregon State University. (These programs as well 

as all others used in GED have been rewritten for personal computers.) The processed data 

known as "variable" coefficient molecular intensity curves, are of the following 

mathematical form which is used for least squares refinements?) 

2-1..2s sins(ru..-ics2)
sl.(s) = k >2 Al Aj cos(rii exp( ) 

it; 2 r 

Here k is a constant, A = s2F (F is the absolute value of a complex electron-scattering 

amplitude; the amplitudes and the corresponding phases (i) are taken from tablee), 4 is 

a vibrational amplitude between atoms i and j, ru is an ra interatomic distance (distance 
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types are discussed later), and x, the anharmonicity constant is equal to (a/6)P where a is 

the Morse constant. x is a very small number (on the order of 10') and when tested in our 

studies was found to contribute very little. Its value has been set to 0.0 in all the work of 

this thesis. 

The scattered intensity distribution as it stands provides no obvious visual clues to 

the structures of the molecules responsible for it. To obtain some idea about the structure 

and how to model it a Fourier transform of the intensity equation is made. This radial 

distribution curve is calculated as 

D(r) = E r,i(s) exp( -Bsi2) sinrsi Asi (1.2) 

Here s/,(s) has been modified by multiplication by ZiZiAiA.; to produce a "constant 

coefficient" curve I Vs), and exp(-B sit) is a damping factor which has been added to 

reduce series termination errors in the transform. In the following chapters 0.002 A2 has 

been used as the value for B. The form of D(r) is a set of peaks in r-space each of which 

is ideally gaussian in shape: 

-Or 2
D(r) « Const exp( (13)

21. ? +4B riA/2/ii +4B 

The peak widths depend on B and on the amplitudes of vibration and their areas are 

functions of the scattering powers of the atomic pairs and the multiplicity of distances. By 

studying the distance spectrum revealed by D(r), trial models for refinement may be 

deduced. 

Distance Types. In the succeeding chapters three definitions of distances are used 

in the tables and it is important to distinguish between them. The ra distance is the distance 

between average internuclear positions of two atoms in thermal equilibrium. To the r, 
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distance is added a small correction to produce an ra distance, which is consistent with the 

scattered intensity equations (equation 1.1) on which the least squares fitting procedures 

are based.(3) It can be thought of as the center of gravity of a peak in the Fourier 

transformed intensity curve, D(r) a P(r)/r. Often this distance type is converted to the 

more physically meaningful distance ry defined as the vibrationally averaged internuclear 

distance at a particular temperature, T. One can convert between the three distance types 

through use of the formulae 
12 

ra = ra + C (1.4) 
ra 

12 
rg = r + 

r (1.5) 

Here C is the sum of the centrifugal distortion and perpendicular amplitude corrections 

calculated from a vibrational force field with a normal coordinate program such as 

ASY/vI40,(5) and 1 is the vibrational amplitude. 

Structure Analysis. The determination of the structure of a molecule consists of 

the formulation of a suitable trial structure, or model, followed by a refinement of the 

model to provide the best fit to the experimental data. The most direct way of arriving at 

a trial structure is through the calculation of a radial distribution curve from the 

experimental intensity data according to equation 1.2. The spectrum of distances revealed 

by this curve is interpreted in terms of a geometrical construct which becomes the model. 

For small molecules this interpretation is easy: there are few peaks that are readily assigned 

from existing knowledge drawn from similar molecules and general experience. In many 

cases however, it is hard, complicated by such matters as overlapping peaks, large 

amplitude motion that tends to wash out the peaks, and occasionally by not knowing how 
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to assign peaks. In these cases one may augment the effort by use of results from ab initio 

and/or semi-empirical molecular orbital calculations. Once a trial structure has been 

decided upon, the process of refinement begins. A set of parameters is defined which is 

used to calculate the coordinates of each atom in the trial structure. This parameter set 

commonly includes, but is certainly not limited to, the bond lengths, bond angles, and 

torsion angles expected for the molecule. In our laboratory the coordinates, and 

subsequently the internuclear distances (usually in terms of rj, are calculated using a 

Fortran subroutine. This subroutine is compiled and linked to a more general program, 

currently called VARLS8, a least-squares fitting program°) which uses the internuclear 

distances and various other inputs such as vibrational amplitudes and shrinkage corrections 

to calculate a theoretical intensity curve of the form described by equation 1.1. 

Experimental and difference (experimental - theoretical) intensity curves are also calculated 

within this program. Some prudence may be required on the part of the investigator to 

keep the parameters within reasonable bounds, especially during the initial refinement 

cycles. This also means the least squares procedure will not prove useful unless one begins 

with a fairly good trial structure. 

Shrinkage. The term "shrinkage" results from the apparent discrepancy between 

a refined set of distances obtained without regard to molecular symmetry and one expected 

from a geometrical model that incorporates the known symmetry as an assumption. The 

difference between the two models occurs whenever the total number of interatomic 

distances is greater than the number of structural parameters. A good example for 

demonstrating the shrinkage idea is the molecule CO2. In this molecule the measured 

r(00) distance is found to be 0.004 A(6) shorter than the distance expected from assumed 
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linearity, namely 2r(C =O). At first glance this information would suggest a slightly bent 

atomic arrangement. However the geometric model for this distance does not take into 

account movement of the atoms. Figure 1.2 is a drawing which depicts the vibrational 

bending modes of CO,. In the degenerate bend (parallel and perpendicular to the plane of 

the paper) the longest r(00) distance occurs when the molecule is fully extended 

(structure represented by solid lines)the geometric structure. Shorter distances always 

occur when the molecule is in one of the bent configurations. The fact that the molecules 

are in motion means that any measured distance must be an average over all the 

instantaneous molecular configurations. With only one configuration equivalent to the 

equilibrium structure and many corresponding to bent conformations, the average 0-0 

distance must be shorter than 2r(C =O). The difference between the two may in some 

cases, however, be so small as to be unmeasurable. 

Three-Atom Scattering. Implicit in the electron-diffraction theory is the 

assumption that each electron is scattered only once by a molecule. What is not taken into 

account is the possibility that the electron encounters another or possibly several atoms 

before passing through the molecule. For the majority of molecules this extra scattering is 

very small and is ignored, but in highly symmetrical molecules (molecules with bond angles 

close to 900), such as the transition-metal hexafluorides of chapter II, this additional 

scattering can become a problem. In our laboratory the three-atom scattering contribution 

is calculated using a computer program written by Mille) and the resulting three-atom 

intensity curve is added to the conventional two-atom scattering curve in the VARLS8 

program. Periodically the three-atom contribution is recalculated using the updated 

molecular geometry obtained during the least-squares cycling. 
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Figure 1.2. Diagram of the in plane motion of the CO2 degenerate bending mode. 
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CHAPTER II
 

WF6, ReF6, OsF6, IrF6, PtF6, 02+14F6 

A large number of elements, both metals and nonmetals, form monomeric 

hexafluorides. The structures of nearly all the molecules have been studied in the gas phase 

by electron diffraction and found to be consistent with equilibrium octahedral symmetry. 

Among these molecules are four members of the sixth period transition-metal series, 

WF6," ReF6,"°.11) OsF6,(9) and IrF6,(9) which were found to have nearly identical bond 

lengths (rg = 1.833 ± 0.001 A). This fact is remarkable in view of the substantially different 

properties of the M6+ ions, such as nuclear charge, magnetic susceptibility, and 

thermodynamic stability, and has found explanation in a delicate balance of the changes in 

Theseveral competing effects that individually operate to influence bond length. (12) 

structure of the last member of this transition-group series, PtF6, has heretofore not been 

measured. It is the least stable of the five compounds; indeed, it is a powerful oxidizing 

agent capable of oxidizing 02 to yield the salt 02 + PtF6 = 02+PtF6 .(13) 

The physical properties of PtF6 are consistent with the similarities and trends 

observed for the other members of the same transition group, and thus neither the 

symmetry of the molecule nor the bond length seemed likely to be much different. 

Nevertheless, a check was certainly desirable, and the result no matter what it might be, 

could be expected to add to our understanding of the bonding properties of the central 

atoms. Also interesting from the purely diffraction side are the matters of multiple (three

atom) scattering and vibrational averaging ("shrinkage"), (14) each of which can affect to 

some degree the derived parameter values if appropriate corrections are not made. These 

http:ReF6,"�.11
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are the matters that led us to undertake what promised to be a more or less routine 

electron-diffraction study of the molecular structure of PtF6. The results, however, were 

quite unexpected and ultimately led to a reinvestigation of the entire sixth period transition 

series of hexafluorides. The history of these reinvestigations began with the measurement 

of the PtF bond in PtF6 which was found to be over 0.02 I longer than those in the other 

series members. This difference is surprisingly great in view of the maximum difference of 

0.002 A found between MF bonds of other series members from earlier work. Now, the 

experiments were actually done on the vapors from a volatilized sample of the salt 

02+PtF6 , which was assumed to consist of a equimolar mixture of neutral 02 and PtF6. 

Was it possible that the scattering molecules were not the supposed mixture of 02 and PtF6, 

but instead a gas of the same composition as the crystallinic samplethe adduct 02+PtF6 7 

An adduct would be expected to have weaker PtF bonds, that is, an average bond length 

longer than in pure PtF6. Figure 2.1 shows a likely structure for such an adduct, and 

analysis showed that a good fit to the data could be obtained with such a model. There 

were some disquieting features to the results for this model, however, including an 0-0 

bond length that refined to a value almost identical to that in 02 itself, in the event of an 

adduct one expects some changes due to the interaction of the 02 part with the PtF6. To 

settle the matter of the anomalous PtF bond length, it was decided to repeat the 

experiment with a sample of pure PtF6. The result was essentially identical to that obtained 

from the sample of 021-PtF6 . 

In order to be sure that the difference between the structure of PtF6 and the other 

members of the series is real, it was necessary to establish that there was no difference of 

scale between our experiments and the earlier ones from other laboratories on this 
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Figure 2.1. Diagrams of the a) C3,, and b) Oh models of gaseous 02+11tF6 . 
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transition-metal group of molecules. Such a difference can arise from small errors in 

electron accelerating voltages or camera distances. With the hope of answering this 

question IrF6 was reinvestigated , a sample of which was readily available. A longer-than

average bond length was also found with this sample, but at 0.01 A not quite as much of 

a increase as in PtF6. The evidence for significant experimental differences of scale was not 

strong based on these two experimental results and it now seemed necessary to 

reinvestigate the structures of the remaining members of this transition-metal group. The 

hope was that experiments carried out under conditions as similar as possible would reveal 

any small differences that might not presently be apparent. The bond-length values found 

for the other molecules in these experiments were similar to those found by earlier 

investigators and from this it was concluded there was not a scale problem. The following 

picture emerged from these several experiments. The bonds in PtF6 are clearly longer than 

in WF6, ReF6, and OsF6. So is the bond in IrF6, but not so much as in the platinum 

compound. The results for the tungsten, rhenium, and osmium compounds agree well with 

those from the earlier studies, taking into account the uncertainties in the bond-length 

measurements. However, the overall notion, based on the earlier measurements that the 

bond lengths are essentially constant throughout the entire series, must be discarded in view 

of the newer more precise results for the iridium and platinum compounds. 

Experimental 

Samples of MF6 (M = Re, Os, Ir, Pt) and 02+PtF6 were prepared at the University 

of California at Berkeley, by Dr. George Lucier and Professor Neil Bartlett. The 

commercial WF6 sample was kindly supplied by Professor Gary Gard of Portland State 
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University. 02413tF6 was prepared as described by Edwards, et al.,(") but instead of being 

kept at 500° C for several hours the Monel reaction vessel was heated in a flame for about 

15 min. Reactant quantities in millimoles were F2:02:Pt = 37:15:10.7. 

OsF6 and IrF6 were prepared by heating the metals in Monel or stainless steel cans 

with an excess of fluorine at 250°C for about 8 hours. ReF6 was also prepared in this 

fashion, but with the difference of a slight fluorine deficiency required to avoid ReF7 

production. 

The instability of PtF6 at elevated temperatures required use of an entirely different 

type of reactor for its preparation. For this reaction about 3 g of coiled Pt wire was hung 

from electrodes protruding from the top of a 0.5 liter Monel can. Excess fluorine was 

condensed into the can at -196 °C. At this point its vapor pressure is about 300 torr. With 

the can bottom emersed in a liquid N2 bath the wire was resistively heated. Once begun, 

the reaction became exothermic enough to be self-sustaining even if the wire broke 

interrupting the electrical connection. As the PtF6 is formed, it quickly condenses on the 

reactor walls, permitting yields as high as 70%. 

The O2 PtF6 samples were shipped to Oregon under an argon atmosphere in 20 

cm Monel tubes sealed with Swagelok fittings. To prepare for a diffraction experiment a 

sealing plug was removed and the tube quickly attached to the apparatus. Evacuation of 

the tube was immediate. The ReF6, OsF6, IrF6, and pure PtF6, samples were sent to Oregon 

State University in their reaction vessels equipped with Whitey valves. Once attached to 

the apparatus each of the sample containers was initially cooled down and evacuated to 

remove any excess F2. The WF6 sample contained a small amount of SiF4 which was 

removed by repeatedly cooling to approximately -78 °C, evacuating, and rewarming. 
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Most samples were introduced into the diffraction apparatus by immersing the 

sample containers in a bath at a temperature that produced convenient sample vapor 

pressures, opening the valve and allowing the gas to flow through the nozzle assembly to 

intersect the electron beam. The flow was continuous throughout the experiments. All pure 

MF6 samples required cooling to (-45 °C); the nozzle temperatures were 23 °C. The 

02+PtF6 vapor phase was obtained by wrapping the sample tubes with heating tape and 

heating to about 120 °C. For this sample the nozzle assembly was kept at 142 - 145 °C 

to avoid any possible condensation. Data for the diffraction experiments were as follows. 

Sector, r3; typical beam currents, 0.52 - 0.62 RA; exposure times, 1.7 - 4.0 min; ambient 

apparatus pressure during run-in of sample, 4.0 - 9.4x le Torr; photographic plates, 

8" x10" Kodak projector slide (or electron image) medium contrast; development, 10 min 

in D-19 diluted 1:1; electron accelerating voltage, 60 kV; electron wavelength calibration, 

CO2(ra(C) = 1.1646 A, = 2.3244 A). Data for the 02+PtF6 experiments were 

similar, with the exceptions of elevated sample temperature and wavelength calibration 

against CS2 (ra(C=S) = 1.557 A, ra(SS) = 3.109 A). In most cases three plates at each 

camera distance (75 and 30 cm) were chosen for analysis. 

Structure Analysis 

Intensity Curves 

Molecular intensity distributions (44(s)) were obtained in the manner described in 

chapter I. Curves of the total intensity for each plate and averages of the molecular 

intensities for the MF6 series and those for the 0211tF6 sample from each camera distance 

are shown in Figures 2.2 - 2.7. In the total intensity curves, s4lt = sYns/m(s) - Bkgd), the 
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Figure 2.2. Intensity curves for WF6. Experimental curves are in the form s411. Average 
curves are s(s4/,- bkgd). Theoretical curves were calculated from parameter values shown 
in Table 2.7. Difference curves are experimental minus theoretical. 
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Figure 2.3. Intensity curves for ReF6. See legend to Figure 2.2. 
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Figure 2.4. Intensity curves for OsF6. See legend to Figure 2.2. 
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Figure 2.5. Intensity curves for IrF6. See legend to Figure 2.2. 
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Figure 2.7. Intensity curves for 02TtF6-. Experimental, average and difference curves are 
as described in the legend to Figure 2.2. Theoretical curves were calculated from 
parameter values shown in Table 2.4. 
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molecular intensity has been multiplied by n (where n = 5 for WF6, 6 for IrF6, 7 for 

024PtF6, and 8 for ReF6, OsF6, PtF6) in order to see better the undulations. Three-atom 

multiple scattering was calculated using a slightly modified version of the intramolecular 

multiple scattering calculation program by Miller (discussed in chapter I). For our purposes 

the program results are multiplied by a scale factor and added to the calculated theoretical 

curve. 

Not unexpectedly the experimental intensity curves for all the compounds studied 

are very similar and on the whole look very good, with useable data out to s = 40 AL'. Data 

from the 02+PtF6 sample appears the noisiest, probably due to the elevated temperature at 

which the data were taken. A notable aspect of the curves of the middle distance data is 

a steady amplitude decrease to a minimum at about s = 16 A- followed by an increase. 

This phenomenon is due primarily to the phase shift effect represented by the cos(% 

term in the scattered intensity formula (chapter I) and will be discussed later. 

0 2+PtF6 or 02 + PtF6 

Radial Distribution Curves. The experimental RD curves shown in Figure 2.8 

were calculated from a composite of the experimental intensity data converted to constant 

coefficients by multiplication by ZF2 /(AF)2. In each case a theoretical inner part from the 

model in question was added to the experimental curve to represent data from the 

unobserved or uncertain region 0.0 s s/A-1 s 2.5. 

The three largest peaks of the radial distribution curves clearly arise from distances 

in a PtF6 moiety of octahedral, or near octahedral, symmetry: the doubled peak at 1.8 A 

is due to the PtF bond," and those at 2.6 A and 3.7 A to the F -F (cis) and PT (trans) 
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Figure 2.8. 02+PtF6 . Comparison of radial distribution curves for the C3,, and Ok + 02 
models. The curves labeled MS are the calculated multiple scattering contributions from 
the final models. The difference curves are experimental minus theoretical. 
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distances. There is also a small peak at 1.2 A that corresponds to the bond length in an 02 

molecule (or group), and a pair of weak features at 3.1 A and 4.5 A whose origins are not 

immediately apparent. Since the appearance of smaller features of experimental RD curves 

depends on the base line, which in turn depends on the theoretical inner peak spliced to the 

experimental intensity curve, it was at first uncertain about how much weight should be 

given to the weak features in the rather crude preliminary RD curves. If these features are 

ignored, the RD curve is consistent with the expected mixture of molecular 02 and 

octahedral PtF6. As mentioned in an earlier paragraph, when preliminary refined values of 

the structural parameters for such mixtures were obtained they yielded a surprise: the PtF6 

bond length was found to be significantly longer (0.02 A) than those found in the other 

hexafluorides of the third transition-metal series (Table 2.1). It was at first thought there 

might have been an error in one of the apparatus parameters that could have led to a scale 

error in the apparent size of the molecule, but a careful check ruled this possibility out. In 

view of the otherwise similar properties of all the compounds, this 0.02 A bond length 

difference is difficult to account for in terms of a simple mixture of uncharged 02 and PtF6 

molecules. However, the distance in an anion (PtF6 ), or in a PtF6 part of an 021V6 

complex, could well be longer than in the neutral molecule. In such a case the scattering 

species could be postulated as the "molecule" 02411tF6 in which the oppositely charged 

parts are rather loosely bound. Although this may at first seem unlikely, there are reasons, 

discussed later, to consider such a model type seriously. It was found that the weaker 

features of the RD curve could be fit with plausible models of 024PtF6 and models 

consisting of a mixture of neutral molecules and models consisting of aggregates of 02 and 

PtF6 were analyzed in depth. 
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Table 2.1. Comparison of bond lengths of third row transition-metal 
hexafluorides WF6 through PIF61. 

molecule rg 

WF6 1.829(2) 

1.832(3) 

1.8346 

ReF6 1.829(2) 

1.832(4) 

OsF6 1.828(2) 

1.833b 

IrF6 1.839(2) 

1.833b 

PtF6 1.852(2) 

02+PtF6 1.851(2) 

7.. ReRef. 

1.828 * 

1.831 8 

1.833(8) 9 

1.828 * 

1.831 10 

1.827 * 

1.832(8) 9 

1.837 * 

1.832(8) 9 

1.851 * 

1.850 * 

'Distances in angstroms. The uncertainties in parentheses from different
 
investigations have slightly different meanings. Where uncertainties are
 
not given they are approximately those for the other distance type.
 
bCalculated from the authors' data.
 
*This work.
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Formulation of Models. A model based on a system consisting of noninteracting 

molecules of 02 and PtF6 was first investigated. Octahedral symmetry for the PtF6 species 

was assumed and the PtF distance was the geometrical parameter. The other parameters 

were the three vibrational amplitudes for the distances in PtF'6, the bond length and 

vibrational amplitude for the 02 component, and the system compositionthe mole 

fraction of 02. (The last was appropriate because the different angular dispersions of the 

molecules after leaving the nozzle tip changes their ratio at the scattering region.) The 

possible effect on the parameter values of multiple (three atom) scattering° was also tested. 

To take account of the shrinkage effect, the distances were defined in ra space and the 

corrections to ra, the type of distance consistent with the scattered intensity formula, were 

calculated with the program ASYM40.(5) Since a quadratic force field for PtF6 has not 

previously been determined, one was calculated with the aid of ASYM40 by fitting a WF6 

force field, obtained from reference 17, to experimental PtF6 wavenumbers.(18) The fifteen 

symmetry coordinates used in the normal coordinate analysis are shown in Table 2.2 and 

the calculated force constants and experimental wavenumbers in Table 2.3. 

Models of the other type, ones representing a complex 02+PtF6, are not so easily 

deduced from the appearance of the RD curve. One expects that a reasonably "stiff' 

arrangement of the two ions would be evident by prominent Pt0, and possibly F0, peaks 

in the radial distribution curve. Only the weak features are good candidates for these terms, 

however, indicating (not unreasonably) that they are broadened by migratory, rotational, 

or vibrational motion of the 02+ cation on the nearly spherical surface of the PtF6 anion. 

The small peak at 3.15 A may be due either to a Pt-0 distance or to an F0 distance for 

atoms in van der Waals contact, and the broad feature at 4.5 - 5.5 A to longer Pt"0 and/or 
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Table 2.2. Symmetry coordinates used in normal coordinate analysis. 

Mode Symmetry Coordinates
 

alit Si 1//6- A(r1 + r2+ r3 + r4+ r5+ r6)
 

e S2, 1ar3 gal ± 2r4 - r2 - r3 - r5 - r6)
s
 

S2b 1/2 A(r2 + r5 - 1-3 - r6)
 

flu	 Su laf A(ri - r4) 

S3y, 1Ar2- A(r2 - r5) 

Su laT A(r3 - r6) 

lair A(a42 + a43 + a45 + a-flu	 54x qo - U12 air al5 (xis) 

S4, larl A(a5i + an + au + a30 - - an an- au- a26) 

S4. 1/VT A(a61 + a62 + ass + ass a31 a32- a34- a35) 

f2g S5x 1/2 A(a35 + a26 - a23 - a56) 

S5y 1/2 A(ais + azi a12 a45) 

55z 1/2 A(a16 + a43 - a13 - a46) 

f2 S6 1/VT A(a13 + ais + a42 + ass als a12- a43- a46) 

S6y, 1/4 A(a23 + a26 + a51 + a54 - an - a24- a53- a56) 

S6, 1/VT A(a32 + a35 + a61 + a64 a31- a34- a62- ass) 
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Table 2.3. Force constants (md/A) calculated from fundamental frequencies' 
(cm") for third row transition metal hexafluorides. 

Force Constants Frequencies 

WF6 ReF6 OsF6 IrF6 PtF6 WF6 ReF6 OsF6 IrF6 PtF6 

F11 6.62 6.35 6.01 5.42 4.77 v1 769 753 733 696 653 

Fn 5.03 4.03 4.46 4.63 4.02 v2 670 600 631 643 599 

F33 4.53 4.60 4.67 4.63 4.50 v3 712 716 721 718 707 

F34 0.29 0.28 0.30 0.31 0.30 v4 256 238 268 276 273 

F44 0.97 0.84 1.07 1.15 1.14 vs 322 246 252 260 240 

F55 0.97 0.57 0.60 0.64 0.55 v6 216 170 230b 205 213 

F66 0.87 0.54 0.99 0.80 0.87 

"From references 18a and b18b. 
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F0 distances. The types of models consistent with these observations are many, and it 

seemed unlikely that the correct one could be deduced from the data at hand. Nevertheless, 

we decided to investigate some of the possibilities in order to ascertain whether they were 

at least consistent with the minor features just mentioned. The models tested may be 

described in terms of the overall symmetry of the complex and the position and orientation 

of the 02+ group. Among them were 1) C, symmetry with the 02+ inclined to an octahedral 

face and with one oxygen atom on the nominal three-fold axis; 2) C2,, symmetry with the 

02+ group either straddling or parallel to an edge of the PtF6 octahedron; 3) C3v symmetry 

with 02+ perpendicular to a face of the octahedron; and 4) C4v symmetry with the 02+ group 

end on to a PtF bond. Only the first two gave tolerable fits to the weak features of the 

RD curve, and of these the C, model (Figure 2.1a) was found after extensive testing to be 

appreciably better. The PtF6 moiety was assumed to have C3v symmetry on the average 

since the tests showed that any distortions from this symmetry were too small to be 

detected in the face of accompanying vibrational motion. (The C, model will here after be 

referred to as C3v to reflect the symmetry of the PtF6 moiety.) The parameters of the 

02+13tF6 complex were then (r(PtF)) = [r(PtF1) + r(PtF4)1/2, Ar(PtF) = r(PtF4) 

r(PtF1), (L(FPtF)) = [L(F rPtF ) + L(F TPtF A/2; A L (FPtF) = L(F -it-F ) 

(FiPtF2); r(Pt-08); r(0-0), and Z(Pt.08-09). The parameters of the PtF6 part of the 

complex were specified in r, space and corrections required to obtain the values for rg and 

7.. were calculated with the program ASYM40 using coordinates for C3 symmetry. All 

distances between the ions were defined in ra space. Several vibrational amplitudes were 

also refined, some individually and some in the groups evident from Table 2.4. 



Table 2.4. Structural results for volatilized 0241U61 

multiple scattering
Parameterb 

(r(Pt-F))° 

Ar(Pt-F)c 

r(i'Ogfd 
(LP-Pt-F)° 

02' 

Pt-F1 

Pt F4 

Fi.F2 

F4F5 

Fi*F5 

FIT4 

F1'08 

F2F9 

F1 F9 

included excluded 

1.847 (2) 1.848 (2) 

[0.0] [0.0] 

2.673 (63) 2.675 (75) 

90.5 (33) 90.8 (51) 

1.209 (17) 1.218 (23) 

multiple scattering included 

ra,L, 

1.847 (2) 1.851 

1.847 (2) 1.851 

2.717 (46) 2.722 

2.527 (168) 2.532 

2.596 (72) 2.601 

3.689 (10) 3.692 

2.673 

2.959 

3.749 

r, 1 

1.850 0.044 

1.850 0.044 

2.719 0.082 

2.529 0.082 

2.598 0.082 

3.691 0.066 

2.668 (63) 0.115 

2.936 (195) 0.265 

3.730 (98) 0.265 

Parameterb 

C3v (021300 

A(Z F-Pt-F)° 

ZPt0-0c 
I F1-Pt-F2 

I F4-Pt-F5 

ZFI-Pt-F5 

multiple scattering
 
included excluded
 

-8.4 (81) -8.2 (101) 

111.5(139) 109.8 (172) 

94.7 (21) 94.9 (27) 

86.3 (71) 86.7 (98) 

89.3 (31) 89.0 (48) 

multiple scattering excluded 

ra,L ra r, 1 

1.848 (2) 1.852 1.851 0.043 (2) 
1 (2) 1.848 (2) 1.852 1.851 0.043 

2.722 (59) 2.727 2.724 0.079 

} (72) 2.537 (230) 2.541 2.539 0.079 } (69) 
2.591 (111) 2.595 2.593 0.079 

(21) 3.690 (12) 3.693 3.692 0.064 (29) 

2.675 2.671 (75) 0.107 

(144) 2.937 2.914 (249) 0.257 (175) 
3.745 3.727 (138) 0.257 



Table 2.4, Continued 

3.139 3.135 (98) 0.114	 3.136 3.132 (126) 0.112Pt. 08 

(75)	 / (105)
Pt 09 3.754 3.747 (174) -68	 3.729 -100 0.158 

F 4. 08 4.514 4.508 (123) 0.167	 4.507 4.501 (153) 0.160 

F4.09	 4.726 4.716 (247) -138 } (115) 4.686 -161 0.210 (140) 

5.221 5.212 (176) 0.217	 5.195 5.187 (230) 0 .210F5 09 

0-0 1.209 1.208 (17) 0.042 (16)	 1.218 1.216 (23) 0.042 (22) 

0.108	 0.149 

Oh (02+ Pff'd 

Pt-F 1.846 (2) 1.851 1.850 0.044 (2) 1.847 (2) 1.852 1.851 0.044 (2) 

F-F (cis) 2.611 (3) 2.616 2.612 0.100 (9) 2.613 (3) 2.618 2.614 0.098 (10) 

F "F(trans) 3.692 (4) 3.696 3.695 0.062 (21) 3.695 (5) 3.698 3.697 0.061 (26) 

0-0 1.209 1.208 (16) 0.036 (25) 1.213 1.213 (23) 0.027 (45) 

X(02 0.42 (11) 0.41 (14) 

Re 0.121 0.157 

'Distances (r) and amplitudes (1) in Angstroms, angles (1) in degrees. Uncertainties in parentheses are estimated 20. Quantities in
 
square brackets were assumed. Quantities in curly brackets were refined as groups.
 
"For definitions see text.
 
`Parameters taken to define the structure.
 
'Oxygen-fluorine van der Waals distance.
 
*Quality-of-fit factor R= [EiwiA?/EimiXsi/(obs'd))214 where Ai = slXobs'd) - slXcalc'd). 
Mole fraction of 02. 
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Structure Refinements and Results. Refinements were done as usual by a 

simultaneous least squares fitting of theoretical intensity data to the two sets ofaverage 

experimental intensities? Since the refinement program does not allow for changes in the 

multiple scattering contribution during cycling, the procedure for investigations of multiple 

scattering effects was to calculate the three-atom scattering contribution for a trial model 

and add them to the theoretical two-atom scattering being fitted. The three-atom scattering 

contribution was upgraded as the cycling proceeded so that in the end it corresponded to 

the final model. During the course of the work on the C3, model it became apparent that 

the refined value of the parameter Ar(PtF), although reasonable at about -0.006 A, 

obtained such a large uncertainty (about 0.12 A) as to make its difference from zero 

meaningless. Accordingly the value was frozen at 0.000 A in the last cycles. 

Results for the two models (02413tF6 and 02 + PtF6) with and without the inclusion 

of multiple scattering effects are given in Table 2.4 and a correlation matrix for the CN, 

model is given in Table 2.5, and ones for the Oh and independent-distance models in Table 

2.6. Of the two models analyzed in depth, the C3, one representing the complex 0211F6 

provides the better fit. The quantitative evidence is the smaller value of the quality-of-fit 

factor (R, see footnote e in Table 2.4) obtained for it when the two models are refined 

under similar assumptions regarding the presence or absence of multiple scattering. That 

the qv model provides a better fit may also be seen by careful comparison of the intensity 

curve differences (Figure 2.7), particularly in the region s < 20 k1, and the RD curve 

differences for r > 2 A (Figure 2.8). 
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Table 2.5. Correlation matrix and parameter uncertainties, x 100, for refined C3,, 
parameters for 02+PtF6 11 

Parameter CU ri L2 L3 r4 LS r6 17 4 19 40 42 112 113 L14 L IS L16 

1 (r (Pt-F))b .035 100 -8 -7 -3 <1 2 -2 -8 1 9 -1 <1 -10 8 <1 -8 

2 (L (F-Pt-F))b 118. 100 86 -20 13 -2 8 95 4 -69 -4 7 3 -99 -7 96 

3 AL(F-Pt-F)6 287. 100 -17 -12 -1 5 94 8 -28 -18 8 2 -83 -57 97 
4 r (F1.08) 2.22 100 -55 <1 <1 -31 14 36 -46 5 1 20 2 -19 
5 L (Pt0-0) 491. 100 -4 1 8 -22 -51 50 -4 <1 -16 45 -1 

6 r (0-0) .593 100 1 -2 <1 2 -1 1 -2 2 -1 -2 

7 / (Pt-F) .041 100 10 5 -5 6 -1 15 -8 2 7 

8 / (Fi.F2) 2.53 100 5 -55 -6 7 3 -94 -32 98 

9 / (FI-F4) .754 100 7 -27 4 2 -4 -8 7 

10 / ( F1.01) 5.08 100 -29 1 -2 72 -56 -48 
11 / (PtOg) 2.65 100 -14 <1 3 28 -12 

12 1 (F4-02) 4.06 100 <1 -7 -6 8 

13 1(0-0) .557 100 -3 <1 3 

14 L (F1-Pt-F2) 73.4 100 -36 2 

15 L (F4-Pt-F3) 252. 100 -94 
16 L (F1-Pt-F3) 110. 100 

Tor numbering of atoms see Figure 2.1. Distances (r) and amplitudes (1)in Angstroms; 
angles (L) in degrees 
bFor definitions see text. 



Table 2.6. Correlation matrices and parameter uncertainties, x 100, from leastsquares refinements for 
02+PtF6 octahedral and independent distance models.* 

No Parameter au correlation coefficients au Parameter 
1 r(Pt-F) 0.038 100 100 0 0 -5 -1 -1 5 -10 4 0.039 r(Pt-F) 
2 r(F.F) 0.054 100 100 100 4 8 0 -2 0 1 1 0.333 r(F.F) 
3 r(F..F) 0.076 100 100 100 100 -1 4 -1 1 2 3 0.885 r(F..F) 
4 1(Pt -F) 0.045 -3 -3 -3 100 100 28 5 2 7 -6 0.046 l(Pt-F) 
5 /(F.F) 0.265 -1 -1 -1 27 100 100 4 -1 -1 -6 0.265 l(F.F) 
6 /(F..F) 0.726 -1 -1 -1 5 5 100 100 -1 1 -1 0.727 l(F..F) 
7 r(0-0) 0.642 4 4 4 2 -1 -1 100 100 2 3 0.692 r(0-0) 
8 1(0..0) 1.16 -10 -10 -10 6 -1 1 2 100 100 76 1.410 1(0..0) 
9 X(02) 0.128 -3 -3 -3 -7 -7 -1 3 75 100 100 0.130 X(0) 
Coefficients for the model with independent distances are in italics. 
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Table 2.7. Refinement results for octahedral and independent distance models of MF6 
transition-metals. 

Multiple Scattering included Multiple Scattering excluded 
r 1 R 1 

Octahedral Symmetry Assumed 

W-F 1.826 1.829(2) 1.828 .043(2) .094 1.827 1.830(2) 1.829 .041(2) .151 

FT 2.583 2.586(3) 2.582 .098(7) 2.584 2.587(3) 2.584 .095(10) 
F F 3.652 3.654(4) 3.653 .058(14) 3.654 3.656(4) 3.655 .056(23) 

Re-F 1.825 1.829(2) 1.828 .043(2) .125 1.826 1.830(2) 1.829 .041(3) .178
 

F-F 2.581 2.586(3) 2.581 .105(9) 2.582 2.587(3) 2.583 .101(12)
 
F F 3.650 3.652(4) 3.651 .056(19) 3.652 3.654(5) 3.653 .052(25)
 

Os-F 1.825 1.828(2) 1.827 .048(2) .091 1.826 1.829(2) 1.828 .046(2) .159
 

FF 2.581 2.584(3) 2.581 .094(6) 2.582 2.586(3) 2.582 .090(9)
 
FF 3.650 3.652(4) 3.651 .064(14) 3.652 3.654(5) 3.653 .061(24)
 

Ir-F 1.836 1.839(2) 1.838 .047(2) .099 1.837 1.840(2) 1.839 .046(2) .153
 

FF 2.596 2.600(3) 2.597 .090(6) 2.597 2.601(3) 2.598 .088(8)
 
FF 3.671 3.673(4) 3.672 .065(17) 3.673 3.675(5) 3.674 .062(24)
 

Pt-F 1.848 1.852(2) 1.851 .046(2) .082 1.850 1.853(2) 1.852 .045(2) .152
 
FT 2.614 2.618(3) 2.615 .091(6) 2.616 2.620(3) 2.617 .088(8)
 
FF 3.697 3.699(4) 3.698 .061(13) 3.699 3.702(5) 3.701 .060(24)
 

3 independent distances 

W-F 0.0 1.829(2) 1.828 .043(2) .089 0.0 1.830(2) 1.829 .041(2) .149 
FF 0.0 2.576(7) 2.572 .097(7) 0.0 2.575(11) 2.571 .093(9) 
F F 0.0 3.650(17) 3.649 .057(14) 0.0 3.649(26) 3.648 .055(22) 

Re-F 0.0 1.829(2) 1.828 .043(2) .120 0.0 1.830(2) 1.829 .041(3) .174
 

F-F 0.0 2.572(10) 2.567 .103(9) 0.0 2.571(14) 2.567 .099(12)
 
F F 0.0 3.651(22) 3.650 .055(18) 0.0 3.651(28) 3.650 .051(24)
 

Os-F 0.0 1.828(2) 1.827 .048(2) .089 0.0 1.829(2) 1.828 .046(2) .159
 

FT 0.0 2.579(6) 2.576 .094(6) 0.0 2.578(10) 2.575 .090(9)
 
F F 0.0 3.651(17) 3.650 .064(14) 0.0 3.651(29) 3.650 .060(24)
 

Ir-F 0.0 1.839(2) 1.838 .047(2) .103 0.0 1.840(2) 1.839 .046(2) .158
 

FF. 0.0 2.593(7) 2.590 .090(6) 0.0 2.592(10) 2.589 .087(9)
 
F F 0.0 3.676(22) 3.675 .065(18) 0.0 3.676(31) 3.674 .062(26)
 

Pt-F 0.0 1.852(2) 1.851 .046(2) .080 0.0 1.853(2) 1.852 .045(2) .149
 

F-F 0.0 2.613(6) 2.610 .090(6) 0.0 2.612(9) 2.609 .088(8)
 
F-F 0.0 3.697(16) 3.696 .061(13) 0.0 3.696(28) 3.695 .059(23)
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Pure PtF4 

Radial Distribution Curves. The RD curves for pure PtF6 was created as 

discussed above, i.e. by multiplication of s/,(s) by 42/(AF)2, addition of a theoretical inner 

portion, and multiplication of the result by the damping factor exp(-0.002 3.2). Again, the 

three largest peaks clearly arise from the PtF bond length (1.8 A), and the FF (cis) (2.6 

A) and FT (trans) (3.7 A) nonbonded distances. The experimental radial distribution 

curve and difference curve can be seen in Figure 2.9. The theoretical inner portion added 

to the RD curve assumes an Oh model. 

Models. With assumption of Oh symmetry, there is only one structural parameter, 

say the PtF bond length, and the vibrational amplitude parameters associated with the 

three distances PtF, FF, and FF. An interesting aspect of the PtF6 structure and the 

structures of the other MF6 molecules) is the effect of vibrational averaging ("shrinkage") 

discussed in chapter I. To estimate this effect one may employ a model, which we will call 

the independent distance model, in which the three internuclear distances are refined 

without regard to restrictions of symmetry. In this case there are three structural 

parameters (the three distances) and three vibrational amplitude parameters, as before. 

Structure Refinements and Results. The refinement procedures for the structure 

analysis were similar to those described for the 02+PtF6" sample. Both the octahedral and 

independent-distance models were tested. In each case the PtF bond distances (Table 2.1) 

turned out to be, within experimental uncertainty, the same as was found for the 02+PtF6 

sample! Figure 2.9 shows experimental, theoretical, and difference radial distribution 

functions for both samples. The bottom plot shows the difference between the two 

experimental radial distribution curves ([PtF6 + 02] - pure PtF6). With the aid of this curve 
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Theoretical 

with MS 

Difference 

Experimental 
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Theoretical 
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[PtF6 + Oj pure PtF6 
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Figure 2.9. Comparison of radial distribution curves for the Oh + 02 model of 0213tF6 and 
the Oh model for pure PtF6. 
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one can see there is very little difference between the two except for the small peak at 1.2 

A and small dip at 2.7 A. The first is due to scattering by the molecular oxygen present, 

while the latter arises from different FF amplitudes of vibration. (The 024PtF6 sample 

required heating to 150 °C resulting in the larger vibrational amplitudes than in the case of 

pure PtF6 where the data were taken with a room-temperature nozzle.) The pure sample 

has a better overall fit with an agreement factor, R, of 0.081 compared to 0.121 for 

02+PtF6 

IrF6, OsF6, ReF6, WF6 

As was mentioned in the introduction to this chapter, the literature values for all the 

MF bond lengths previously studied are nearly identical. Thus the rather longer bond 

distance in both pure PtF6 and 024PtF6 stood in puzzling contrast, and led ultimately to a 

reinvestigation of the entire series. The experimental details of these studies have already 

been described. For the structure analysis both the octahedral and independent distance 

models were tested. The results for each member of the MF6 series studied, including and 

excluding three-atom multiple scattering, are given in Table 2.7 and corresponding 

correlation matrices in Table 2.8. 

Discussion 

02+PtF6-. The most important result of our structure analysis is the value for the 

PtF bond length. The experimental radial distribution curve for our sample indicates at 

least a near octahedral arrangement of platinum and fluorine atoms as well as an 02 entity, 

but there are also indications of interatomic distances that do not seem to be accounted for 

in terms of free 02 and PtF6 molecules. All these observations point to the possibility of 
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molecular 02+13tF6 as the scattering species in our experiments. There is supporting 

external evidence for this view. First, the following elementary energy considerations show 

that the stability of molecular 024PtF6 is much greater than an equimolal mixture of neutral 

02 and PtF6 molecules. A rough guess of the energy required to form the separated ions 

02+ and PtF6" from neutral molecules is about 98 kcal/molthe sum of the ionization 

potential of the former, 278 kcallmol,(19) and the electron affinity of the latter estimated to 

be about -180 kcal/mol.(2°) A stable ion pair with coulomb energy equal to or greater than 

98 kcal/mol results from single electronic charges separated by anything less than 3.4 A. 

Any reasonable model of an 02413tF6 molecule has the two ions positioned at less than this 

distance. For example, based on a rough estimate of 2.7 A for the van der Waals distance 

between oxygen and fluorine atoms and an assumption that the center of negative charge 

on the anion is at the platinum atom, the distance between the platinum atom and an oxygen 

located on the three-fold axis of the anion is about 3.1 A. The second piece of evidence 

is the observation(21) that sublimation of gram-sized samples of pure crystalline 02+PtF6 

leads to a quantitative recovery of the material, something not easily explained if the vapor 

were to consist of neutral molecules obtained by dissociation of the salt. Free PtF6 was 

never observed in any of the 02+13tF6 vapor-phase transfers.(2" 

On the whole, the evidence supporting the C3,, model is reasonable on all counts 

with the possible exception of the length of the 0-0 bond, which is essentially the same as 

in free oxygen, i.e., about 0.08 A longer than in the ground state of 02+. However, it is 

possible that the bond length of an 02+ ion in contact with fluorine atoms could be quite 

different from that of the ion in free state, perhaps due to partial donation of unshared pairs 

on the fluorine atoms to the antibonding orbital in 02+ which would increase the bond 
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length. There is a report of a neutron-diffraction study of crystalline 02+13tF6 ; (24but 

unfortunately possible disorder led to large uncertainties in the bond length measurements 

(r(PtF) = 1.82 ± 0.03 A; r(0-0) = 0.9 - 1.4 A). 

Of the structure-defining parameters for the Cx, model, the value of (r(PtF)) is well 

determined and practically uncorrelated (< 10%) with any other parameter; thus, none of 

the assumptions inherent in the model affects it. Several of the remaining parameters have 

large uncertainties that reflect a loose binding of the two ions and the significant parameter 

correlation that arises from it. With this in mind, the three FPtF angles nearest the 02+ 

group appear to be slightly larger than those furthest from it, presumably because of 

repulsion between the fluorine and oxygen electron clouds. The 02+ group with Os on the 

threefold axis of the anion is inclined so that 09 lies between geminally disposed fluorine 

atoms, most likely rotating itself among the three equivalent positions. This arrangement 

of the two ions is similar to that found in the neutron-diffraction study mentioned above. 

Although the Cx, model is a reasonable one in view of the sample and seems to be 

supported by outside evidence (i.e. no free PtF6 during 02+PtF6 vapor-phase transfers), 

and gives the better fit of those models tested we cannot definitively argue the existence of 

the united ions. Also we cannot claim to have ruled out all other possible configurations 

of united ions. Clearly some method other than electron diffraction, perhaps spectroscopic, 

must be employed to positively accept or reject the united ion model. 

PtF6, IrFs, OsF6, ReF6, WFs. The bond lengths in these molecules found from 

several studies in different laboratories are presented in Table 2.1. It is seen that for the Ir, 

Os, Re, and W compounds all results agree well when the uncertainties are taken into 

account. Our results are relatively more precise than the others, and in the cases of OsFs, 
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ReF6, WF6 the values are essentially identical. There can be no doubt, therefore, that the 

IrF and PtF bonds in the hexafluorides are truly longer by about 0.01 A and 0.02 A, 

respectively, than OsF, ReF, and WF. The important question is why. Unfortunately, 

we do not have an unequivocal answer. However, as was discussed in the introduction to 

this chapter, the formerly presumed constancy of bond length throughout the series of 

molecules for which measurements were available was ascribed to a "delicate balance" of 

competing bond-lengthening and bond shortening effects. Presumably this balance is tipped 

slightly in favor of bond elongation, as would be the case if in IrF6 compared to OsF6 the 

bond shortening expected as a result of greater nuclear charge is more than compensated 

by the shielding from the d electrons. We are continuing to study this problem. 

Phase effects and Three Atom Scattering. One striking feature in all of the radial 

distribution curves (Figures 2.8 - 2.11) is the apparent splitting of the main MF peak. At 

first glance there appears to be two partially resolved peaks arising from two different MF 

bond distances. Schomaker and Glauber explained this phenomenon through the existence 

of a phase shift,('-3) which becomes noticeable when the two scattering centers are of 

significantly different size. As an electron wave passes through the field of an atom, it feels 

an attraction by the nucleus and speeds up (a "wave contraction effect"n and as it passes 

through, slows down and returns to its original speed and wavelength. This effect is not 

a problem in molecules with atoms of equal or nearly equal atomic number, but it becomes 

significant when one of the scattering atoms is very much larger. In this case the larger 

atom influences the electron wave to a greater extent causing a pronounced phase shift in 

the passing wave. Figure 2.11 features a set of radial distribution curves, which show the 

various theoretical contributions. The experimental curve is of the pure PtF6 sample. What 
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Figure 2.10. Radial distribution curves for WF6, ReF6, OsF6, IrF6, PtF6. The curves for 
WF6, ReF6, OsF6, IrF6 were calculated as described in the text for pure PtF6. 



44 

ExperimentalILA. 
PtF FF F f 

Theoretical 

Mult. Scat. Excluded 

Mutt. Scat. Contribution 

Mult. Scat. Included 

Difference 

Mult. Scat. Excluded 

Mult. Scat. Included 

1 2 4 A 

Figure 2.11. Radial distribution curves for PtF6 demonstrating the effect of multiple 
scattering. 



45 

is particularly interesting is that the two components of the theoretical MF peak are 

calculated to be the same height, yet they are of unequal height in the experimental curve. 

This apparent discrepancy is removed when one includes three-atom multiple scattering in 

the theory. Comparison of the two last difference curves (experimental minus theoretical) 

of Figure 2.11, excluding and including three-atom multiple scattering, shows the 

significant improvement obtained in the fit when multiple scattering is included in the 

theory. 

The effects of three-atom multiple scattering are important only in molecules or ions 

with atom triplets related by bond angles near 90 *such as in PtF6 or PtF6 . As the 

agreement factors (R in Table 2.7) and the difference curves show, taking account of 

multiple scattering leads to substantially better agreement of the model with experiment. 

However, whether or not multiple scattering is included in the Oh model has only a small 

effect on the refined values of both the PtF bond (shortened by .001 A) and the PtF 

vibrational amplitudes (larger by .001 A). The overall result for all the transition-metal 

hexafluorides in this study is that the inclusion of multiple scattering reduces the bond 

lengths about 0.001 - 0.003 A, and increases the vibrational amplitudes about 0.001 

0.004A. This same trend is also seen in TeF6 (25) (bond length smaller by less than 0.001 

A, and amplitudes larger 0.006 - 0.008 A). It is not the case, however, for SF6.P6) Here 

the trend is partly reversed: the bond lengths elongate (less than 0.001 A) and two of the 

amplitudes increase (FF. and FF, 0.002 A), while the S-F amplitude decreases (0.001 A). 

All the differences between the two models (i.e., with and without inclusion of multiple 

scattering effects) are about the same as the quoted uncertainties so their significances are 

questionable. Overall, it is generally agreed that the effect of including multiple scattering 
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in models of molecules where it could conceivably be important is likely to be significantly 

greater on amplitudes of vibration than on distances. 

Shrinkage. One interesting byproduct in a study of such highly symmetrical 

molecules is the possibility to investigate the shrinkage effect. In each of the octahedral 

molecules of this chapter there are two such distances which are calculated as FF = 

f(MF) and PT = 2(MF). A measure of experimental deviation from the geometric 

model can be obtained by a comparison to a model in which each of the three distances are 

refined independently. The results of such a comparison are given in Table 2.9. In the table 

r(obs.) are the refined values and r(Oh) the values calculated from the refined MF distance. 

Shrinkage values larger than the uncertainty are apparent only in the FF type distance. 

This is not surprising since movement of a fluorine atom will have a greater effect on 

internuclear distances related by a 90° angle than on linear distances. Interestingly the 

shrinkage effect is most pronounced in WF6 and ReF6. 
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Table 2.9. r8 and r experimental shrinkage results (A) for the transition-metal 
series WF6 through PtF6

Multiple Scattering Included Multiple Scattering Excluded 

Distance r(obs.) r(Ohr Shrinkageb r(obs.) r(Oh)* Shrinkageb 

rg Values 
W-F 1.829(2) 1.829 1.830(2) 1.830 
FF 2.576(7) 2.587 0.011 2.575 (11) 2.588 0.014
FF 3.650(17) 3.659 0.009 3.649 (26) 3.661 0.011 

Re-F 1.829(2) 1.829 1.830(2) 1.830 
FF 2.572(10) 2.587 0.015 2.571 (14) 2.588 0.018 
FF 3.651(22) 3.658 0.007 3.651(28) 3.661 0.009 

Os-F 1.828(2) 1.828 1.829 (2) 1.829 
FT 2.579(6) 2.585 0.006 2.578(10) 2.587 0.009 
FF 3.651(17) 3.656 0.005 3.651 (29) 3.658 0.007 

Ir-F 1.839(2) 1.839 1.840(2) 1.840 
FF 2.593(7) 2.601 0.007 2.592 (10) 2.602 0.010
FF 3.676(22) 3.678 0.001 3.676(31) 3.680 0.004 

Pt-F 1.852(2) 1.852 1.853 (2) 1.853 
FF 2.613(6) 2.619 0.006 2.612 (9) 2.621 0.009 
FF 3.697(16) 3.704 0.007 3.696 (28) 3.707 0.010 

r,, Values
 
W-F 1.828(2) 1.828 1.829(2) 1.829 
FF 2.572(7) 2.586 0.013 2.571 (11) 2.587 0.016
 
FF 3.649(17) 3.657 0.008 3.648(26) 3.659 0.010 

Re-F 1.828(2) 1.828 1.829 (2) 1.829 
FF 2.567(10) 2.585 0.018 2.567(14) 2.587 0.020
 
FF 3.650(22) 3.656 0.006 3.650 (28) 3.659 0.008
 

Os-F 1.827(2) 1.827 1.828(2) 1.828
 
FF 2.576(6) 2.583 0.007 2.575 (10) 2.585 0.010

FF 3.650(17) 3.653 0.003 3.650 (29) 3.656 0.006
 

Ir-F 1.838(2) 1.838 1.839(2) 1.839
 
FT 2.590(7) 2.599 0.009 2.589 (10) 2.600 0.011

FF 3.675 (22) 3.675 0.000 3.674 (31) 3.678 0.003
 

Pt-F 1.851(2) 1.851 1.852 (2) 1.852
 
FF. 2.610(6) 2.618 0.008 2.609(9) 2.619 0.010
 
FF 3.696(16) 3.702 0.006 3.695 (28) 3.704 0.009
 

'Oh) is calculated using the M-F bond length. 
bShrinlcage = r(Oh) - r(obs.). 
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CHAPTER HI
 

3- AMINOACROLEIN 

3-Aminoacrolein (H2NCHHCHO) can exist in several conformations according 

to the orientation of the substituents located at the double bond, and with rotation about 

the single CC bond. The symbols used to describe the four possible conformersare CSC, 

TSC, TST, and CST. This conforms to terminology adopted in other studies(") of this 

molecule. The first C (cis) or T (trans) in the labels refers to substituent orientation at the 

double bond and SC (s-cis) or ST (s-trans) to orientation about the CC single bond. 

Diagrams of the four conformers are shown in Figure 3.1. 

Several studies("'") have been undertaken to determine the lowest energy 

conformation of 3-aminoacrolein. Various ab initio calculations,(".") including this study 

(Table 3.1), have shown the optimized CSC geometry to be 2.5 - 5.0 kcal/mol more stable 

in the vapor phase than TSC and TST, and 6 - 8 kcal/mol more stable than CST. Self 

Consistent Reaction Field (SCRF) calculations and experimental evidence') suggest the 

TST conformer to be predominant in polar solvents such as dimethyl sulfoxide and 

acetonitrile, as might be expected from steric arguments. Internal hydrogen. bonding has 

been proposed") as an important effect contributing to the stability of the sterically 

hindered CSC conformer in the gas phase. 

Although the experimental solution-phase and ab initio (gas-phase) structural 

results are not inconsistent, they do suggest the need for experimental verification of the 

structure of the gas. Electron diffraction seemed the best experimental technique for 

determining which conformer might be the most abundant in the vapor phase. The 



49 

CSC 

TST CST 

Figure 3.1. Diagrams of the four 3-aminoacrolein conformers. 
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questions to be addressed in this study are whether the CSC conformer is the most stable 

in the vapor phase as suggested by calculations, and to what extent, if any, do the other 

conformers coexist. 

Experimental 

The 3-aminoacrolein sample was synthesized at Yale University by Dr. Paul Rablen 

and Professor Kenneth Wiberg. The sample was used in the electron-diffraction 

experiments as received. In the first of several experiments, vapor-phase sample was 

introduced into the diffraction apparatus by means of the electrically heated oven equipped 

with a needle valve described in chapter I. 

The darkness of an exposed plate is proportional to the product of the sample vapor 

pressure and the exposure time. For the long camera (75 cm nozzle-to-plate distance) the 

sample oven was held at an average temperature of 135 °C, thought to be high enough to 

generate enough vapor pressure to permit reasonably short exposure times. Several 

exposures of four to six minutes duration were made. These long-camera plates were 

lighter than expected, but acceptable. At the 30.0 cm (middle) camera height either longer 

exposures or higher vapor pressures were required to obtain plates of darkness similar to 

the long camera ones. Since the long camera exposures times were already very long, 

additional heating of the sample, sometimes as high as 195 °C, was required. These high 

temperatures tended to decompose the sample. In some instances the decomposition 

occurred at such a rate that it was difficult to obtain enough scattering before the 

experiment had to be shut down and the oven cleaned. Fortunately, the decomposition 

products were largely involatile, as judged by the amount of charred material remaining in 
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the oven. Most of the middle distance plates exposed in this manner were exceedingly 

light. 

In an attempt to obtain darker plates at the middle distance, a second method of 

introducing vapor into the apparatus was employed. In this case, sample was placed into 

a small Pyrex tube immersed in an oil bath outside the apparatus at a temperature of 110 

°C. The nozzle (described in the introductory chapter) was kept at a temperature of 134 

°C to prevent condensation of the sample. Exposure periods of 5 minutes duration still 

produced light plates; however, they were darker than most of the middle distance plates 

produced from the oven experiments. Combining data from the plates made via the two 

experimental methods provided the data suitable for analysis. One middle distance plate 

was chosen from the oven experiment and three from the Pyrex-tube set. Other 

experimental conditions included an ? sector; beam currents of 0.3 - 1.5 ILA; 0.8 - 4.0x10-5 

Torr ambient apparatus pressure during sample run-in; 8" x10" Kodak photographic 

projector slide plates developed for 10 minutes in D-19, diluted 1:1; an electron 

accelerating voltage of 60 kV; and electron wavelength calibration against CS2 (ra(CS) = 

1.557 A, ra(SS) = 3.109 A). 

Results and Discussion 

The total scattered intensity distributions (s1T(s)) obtained in the usual way 

(chapter I), along with computer-generated bacicgrounds(2) for each plate chosen for 

analysis, are shown in Figure 3.2. Data from the long-camera plates have been magnified 

by a factor of two, and from the middle camera plates by a factor of five relative to the 

background. Subtraction of the computer-generated backgrounds from the total scattered 
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Figure 3.2. Intensity curves for 3-aminoacrolein. Average curves are s(s'ilrbkgd). The 
theoretical curve was calculated from refined parameter values shown in Table 3.2. 
Difference curves are experimental minus theoretical. 
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intensity distribution yields molecular intensity distributions of the form described in 

chapter I. 

These molecular intensity distributions were averaged for analysis and the final 

average curves are displayed in Figure 3.2. Ranges for the averaged modified molecular 

intensities (s/m(s)) were 2.0 s s/A-1 > 10.0 for the long camera and 8.0 s s /k' 40.0 for 

the middle camera. Theoretical molecular intensity distributions and difference curves are 

also displayed in Figure 3.2 and are the results of refinements on a pure CSC model. This 

model provides the best fit to the experimental data for reasons discussed later. 

Radial distribution curves are shown in Figure 3.3. The modified intensities used 

in this calculation were obtained by multiplication of si,(s) data with the factor 

zc2/Ac2exx_0.00z - 32). The experimental radial distribution curve has been produced from 

a composite of the averaged intensity curves. The theoretical inner part from the CSC 

model was added to the experimental intensity curve to represent data from the unobserved 

region 0.0 s s/k1 s 2.0. Theoretical radial distribution curves for the other three 

conformers and their difference curves are also displayed in the figure. 

CSC Structure Analysis 

Ab initio calculations were carried out using both the GAUSSIA/slm and 

SPARTANm computer programs. Gaussian calculations were done with the HF/6-31G*, 

HF/6-311++G**, MP2/6-31G*, and MP2/6-311-H-G** basis sets and the results are shown 

in Table 3.1. The calculations with the Spartan program used the HF/6-31G* basis set. 

The ab initio calculations were used in part to give some insight as to the extent to which 

each conformer might exist in the vapor phase, but more importantly to provide force 
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Figure 3.3. Radial distribution curves for conformers of 3-aminoacrolein. The difference 
curves are experimental minus theoretical. 
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Table 3.1. Calculated energies for 3-Aminoacrolein.a 

E(HF) E(MP2) 

Conformer 6-31G* 6-311++G** 6-31G* 6-311-H-G** 

CSC -245.80466 -245.87957 -246.52058 -246.67300 

TSC -245.79978 -245.87431 -246.51270 -246.66539 

TST -245.79960 -245.87549 -246.51311 -246.66762 

CST -245.79458 -245.87008 -246.50817 -246.66263 

E(kcal/mole) Relative 

CSC 0 0 0 0 

TSC 3.065 3.303 4.950 4.774 

TST 3.177 2.556 4.689 3.374 

CST 6.326 5.952 7.790 6.504 

% Conformer 

CSC 98.98 98.31 99.94 99.63 

TSC 0.56 0.37 0.02 0.03 

TST 0.46 1.31 0.04 0.33 

CST < 0.01 < 0.01 < 0.01 < 0.01 

'Energy in Hartrees 
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constants for calculating amplitude corrections using the program ASYM40.0) The two ab 

initio calculations produced the same optimized geometry and energy results; the force 

fields obtained from the Spartan program were used to calculate the amplitude corrections. 

Additionally the Spartan results provided parameters suchas bond lengths and angles which 

were used as a starting point to calculate an initial theoretical model used in the refinement 

process. Both sets of calculations support the experimental result that the CSC conformer 

is the dominant gas phase species; it should be present at well over 90%. The strategy 

then, was to determine to how well the data would fit to a model consisting solely of the 

CSC conformer, and whether the addition ofany of the other conformers would improve 

or worsen the fit. 

Hydrogen atoms are not very efficient electron scatterers in comparison to the 

heavier elements and it was assumed that to distinguish between the similar CH and NH 

interatomic distances would be impossible. It was decided that an average internuclear 

distance and a difference should be used in place of the individual distances themselves for 

this distance type. These parameters were accordingly chosen to be r(CH,NH) = r[3(CH) 

+ 2(NH)]/5 and Ar(CIAN H) = r(CH) - r(NH). The same problem exists for the C=C 

and CN bonds and the average and difference parameters r(C=C,CN) = r[(C=C) + 

(CN)]/2 and Ar(C,CN) = r(C) - r(CN) were accordingly used instead of the bond 

distances themselves. Other assumptions of the model set all CH distances equal, NH's 

equal, CCH angles equal. In all, seventeen structural parameters consisting of distances, 

angles and dihedral angles were used to characterize the CSC model. A complete list of 

the parameters is given in Table 3.2. 
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Table 3.2. Refined parameter results (rig, 4) for the CSC and TSC 
conformers of 3-aminoacrolein.* 

Refined Calculated 

N Parameter CSC TSCb CSC TSC 

1 r(C-H,N-H) 1.013 (12) 1.014 1.038 1.038 

2 r(C-H - 0.114 (40) 0.115 0.087 0.088 

3 r(C-N,C-C) 1.353 (11) 1.355 1.345 1.347 

4 r(C=C - C-N) 0.008(210) -0.036 0.016 -0.013 

5 r(C5=09) 1.223 (7) 1.215 1.207 1.199 

6 r(C2-05) 1.415(23) 1.428 1.445 1.459 

7 LH6N4C3 120.5(61) 120.8 119.1d 119.4d 

8 LH7N4C3 123.5(60) 121.5 121.1d 119.14 

9 L111,8CC 119.7(62) 120.7 118.9" 120.0" 

10 ZHI0C5C2 121.0(94) 120.5 115.4 114.8 

11 Z 09C5C2 128.3 (59) 128.4 125.5" 125.6" 

12 LN4C3C2 124.4(116) 124.8 126.5 127.0 

13 LC3C2C5 120.1(39) 117.4 122.2 119.6 

14 L C2C3N4H7* 180.0 180.0 179.9 195.4 

15 L C2C3N4116e 0.0 0.0 <0.1 -12.6 
16 Z C5C2C3N: 0.0 180.0 <-0.1 182.9 

17 LO9C5C2C3* 0.0 0.0 <0.1 -0.3 

18 X 96(42)% 4(42)% 98% 1% 

*Distances are in Angstroms and angles are in degrees 
'Parameters were tied to CSC values by differences in theoretical 
values. 
'Calculated difference is (CH)-(NH). 
"Calculated values used as predicate observations with uncertainties 
of 0.01. 
*Dihedral angles were not refined. 
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Of the 45 possible interatomic distances in this molecule, the 10 IF "H interactions 

were ignored. Table 3.3 lists the internuclear terms included in the fitting. Items one, two 

and ten in Table 3.3 have multiplicities (more than one distance of the same type) greater 

than one (due to assumed distance equalities), to bring the total number of distances used 

in the refinement procedure to 35. 

Refinements of the structural parameters were carried out by the method of least 

squares. The CSC geometry was calculated on the basis of r, parameters, which contain 

corrections for shrinkage effects.P2) These corrections were calculated with the program 

ASYM40 using force constants obtained from the ab initio calculations at the BF/6-31G* 

basis level. Many of the calculated amplitudes could not be refined independently, and so 

were grouped (values in curly brackets in Table 3.3) according to similar distance type (i.e. 

bonded atoms, non-bonded one atom away, etc.). These groups were then refined as a 

single amplitude parameter. Once a plausible trial model had emerged from the initial 

refinement stages, all the parameters were allowed to vary. Most refined to reasonable 

values, but some refined to quite implausible ones. Angles involving hydrogens other than 

H10 (parameters 7-9) had a tendency to become very large (> 135 degrees). Since such 

values do not accord with experience in similar cases, and since in any case they are more 

than 10 degrees larger than their calculated counterparts, they have been judged 

unreasonable. The O=CC angle also tended toward a similarly large value, judged from 

the approximately 124° found in acrolein both experimentalle) and from calculations.c) 

Slightly smaller O=C-C angles were obtained when the (NH) and (CH) amplitudeswere 

also allowed to refine, but those amplitudes then became much too small (< 0.035 A), 

closer to the value for a strong double bond. Attempts at refinement of the (N-11) and 

http:effects.P2
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Table 3.3. Distances (r/A) and Root-Mean-Square-Amplitudes (//A) for the CSC and 
TSC conformers of 3-arninoacrolein.' 

CSC TSC 
Distance ra ra ra 1 ra r ra 1 

1 (N-H) 0.945 0.998(26) 0.994 [0.065] 0.945 1.004(25) 1.003 0.036 
2 (C-H) 1.059 1.081(21) 1.076 [0.070] 1.059 1.083(21) 1.081 0.041 

3 C5-09 1.223 1.230(7) 1.228 0.052 1.223 1.230(7) 1.228 0.052 
4 
5 

C3-N4 

C2=C3 

1.349 
1.357 

1.359(96) 
1.362(115) 

1.356 
1.359 

0.058 
0.058 (7) 

1.349 
1.357 

1.358(96) 
1.361(115) 

1.355 
1.359 

0.062 
0.058 

6 C2 -C3 1.415 1.420(23) 1.418 0.063 1.415 1.422(23) 1.419 0.064 

7 C3 H6 2.001 2.022(90) 2.019 0.075 2.001 2.041(90) 2.037 0.081 
8 C31-17 2.029 2.104(107) 2.101 0.074 2.029 2.061(107) 2.058 0.080 
9 C4.H1 2.046 2.069(112) 2.066 0.077 2.050 2.074(111) 2.071 0.079 
10 C21-12 2.094 2.111(106) 2.108 0.078 (35) 2.094 2.112(106) 2.109 0.078 
11 C51-18 2.152 2.163(81) 2.160 0.081 2.124 2.139(83) 2.136 0.082 
12 C21-120 2.161 2.184(107) 2.181 0.081 2.161 2.188(107) 2.185 0.081 
13 094120 1.878 1.906(67) 1.903 0.073 1.879 1.906(67) 1.903 0.073 

14 C2N4 2.394 2.397(118) 2.395 0.078 2.389 2.395(119) 2.392 0.081 
15 C31-15 2.401 2.405(124) 2.403 0.081 (10) 2.433 2.436(124) 2.433 0.086 
16 C209 2.376 2.379(63) 2.376 10.078 2.375 2.379(64) 2.377 0.078 

17 C5-.N4 2.830 2.834(137) 2.828 0.134 3.688 3.690(68) 3.687 0.116 
18 C3-09 2.861 2.864(160) 2.858 0.134 (41) 2.911 2.916(160) 2.908 0.146 
19 N4-09 2.685 2.693(65) 2.682 0.166 4.259 4.261(126) 4.255 0.154 

20 N41-18 3.335 3.342(111) 3.336 0.138 2.644 2.654(221) 2.641 0.183 
21 N41120 3.889 3.900(147) 3.894 0.153 4.546 4.556(193) 4.551 0.151 
22 C31-120 3.362 3.377(116) 3.371 0.140 3.384 3.398(117) 3.392 0.141 
23 C2-16 2.613 2.628(231) 2.616 0.175 2.606 2.631(232) 2.618 0.187 
24 C217 3.254 3.308(85) 3.303 0.133 3.251 3.272(86) 3.266 0.148 
25 C51-12 3.363 3.373(98) 3.368 0.139 2.660 2.672(178) 2.658 0.189 
26 C3 H6 2.539 2.555(280) 2.538 0.207 (65) 4.012 4.028(215) 4.020 0.184 
27 Cs117 3.775 3.819(132) 3.813 0.150 4.459 4.472(64) 4.466 0.162 
28 09H6 3.292 3.299(73) 3.293 0.137 3.270 3.278(75) 3.272 0.138 
29 09H1 3.917 3.925(148) 3.919 0.152 2.662 2.680(243) 2.661 0.227 
30 09-H6 2.015 2.038(196) 2.014 0.221 4.788 4.799(129) 4.793 0.181 
31 09-H7 3.554 3.601(107) 3.591 0.186 4.863 4.876(229) 4.867 0.210 
'Parameters in square brackets were not refined. TSC amplitudes were grouped with 
similar CSC amplitudes. 



60 

(CH) amplitudes were abandoned and they were fixed at values close to the calculated 

ones. 

In order to overcome the angle problem of parameters 7-9 and 11, predicate values 

of the type described by Bartell et al!") were used in place of those allowed to vary freely. 

The idea is to tie ("stake") the parameters to known or judiciously chosen values with 

"flexible-cord-like" tethers and then allow the parameter to refine. Attached to each 

predicate value is an uncertainty which determines how much weight the predicate value 

is given. As the refinement procedure tends to move the parameter value further and 

further from the predicate, the tether strengthens to inhibit the movement. This procedure 

allows control over hard-to-handle parameters, preventing them from attaining 

unreasonable values. Parameters 7 - 9 and 11 were staked to the calculated values listed 

in Table 3.2. An uncertainty factor of 0.01 was used for all the predicate observations. It 

is obvious from the large uncertainties that knowledge of the exact values for these angles 

is rather poor. Unfortunately, use of predicate values for amplitudes is are not yet possible 

in the least squares program and as a result those for (CH) and (N H) had to be fixed. 

The radial distribution difference curve of Figure 3.3 for the final CSC model shows 

a very good fit to the experimental curve. This suggests that a very large percentage of the 

gas-phase composition must contain this conformer. The question previously raisedwill 

introduction of any of the other conformers provide a better or worse fitcould now be 

addressed. 
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Inclusion of the TSC Conformer 

The ab initio calculations suggest the next most abundant gas-phase conformer to 

be TSC. Parameters for the bond lengths and angles of the TSC conformer were obtained 

by utilizing the first 13 listed in Table 3.2 and adding to them the small differences 

corresponding to the differences between theoretical values for the CSC and TSC 

conformers calculated at the HF/6-31G* level. Four additional parameters were added to 

account for the TSC dihedral angles. The calculations for the TSC conformer show it to 

be not quite as planar as the CSC structure, especially the dihedral angles involving 

hydrogens 6 and 7. Since the electron- diffraction technique, as discussed previously, does 

not "see" hydrogens particularly well, these dihedral angles were held at planar values. 

Included in the least squares procedure were the 35 TSC interatomic distance types already 

described for the CSC conformer, and a parameter for the mole fraction of the two 

conformers. 

Beginning with a trial model having the ab initio calculated values for angles and 

distances and a 50-50 mixture of conformers, the refinement converged to the results 

displayed in Tables 3.2 and 3.3. The corresponding correlation matrix is given in Table 3.4. 

The mole-fraction parameter refined to a value corresponding to 96% CSC and 4% TSC, 

with an estimated 2a uncertainty of 42%. The quality of fit factor (R = 0.178) is quite 

good out to s = 40 A4 in view of the large amount of noise in the data especially at s z 25 

A-'. Attempts were made to refine dihedral angles; however, they proceeded to unrealistic 

values during the cycling and were subsequently held close to the calculated values. 

The fact that the amount of TSC refined to almost nothing brings up the 

questionhow much can be included before the fits are significantly worse? Refinements 



Table 3.4. Correlation matrix and parameter uncertainties, x 100, for 3-aminoacrolein. 

Parameter u r4 r3 r6 L7 L 8 L9 Zio Zil Z 12 / 13 114 115 116 117 118 119 

1. r(CH,NH) 0.42 100 

2. ir(CH -NH) 1.4 13 100 

3. (CN,C-C) 0.39 -19 -21 100 

4. Ar(C-C-CN) 7.4 -31 -35 85 100 

5. C5=09 0.24 64 21 -4 -25 100 

6. C2-05 0.80 30 7 -77 -57 22 100 

7. L116N4C3 216 -13 -1 21 25 -9 -16 100 

8. LH7N4C3 211 -12 2 -13 -11 -10 2 -4 100 

9. LI-11,8CC 218 -3 7 -18 -18 -3 10 1 -7 100 

10. LI-1 C-10 5 C2 331 -1 38 -16 -21 4 6 -1 -5 6 100 

11. L O9C5C2 208 1 -24 -8 -9 -5 4 -8 -7 -2 -77 100 

12. LN4C3C2 411 15 42 -57 -72 8 20 -8 20 14 66 -47 100 

13. LC3C2C5 140 -9 -30 45 59 <1 -9 2 -19 -9 -36 9 -82 100 

14. / (C5-09) 0.22 -36 -14 57 34 -31 -76 8 <1 -5 -7 6 -12 1 100 

15. / (C3-1-16) 1.2 14 -19 -15 -21 14 16 20 5 <1 -66 64 -24 10 -7 100 

16. / (C2 -N4) 0.33 5 -15 -48 -47 -5 40 -24 -4 4 -42 67 -2 -17 -9 49 100 

17. 1 (C5-N4) 1.4 20 -7 -42 -53 5 18 -3 16 9 37 -30 69 -52 -1 -5 7 100 

18. / (N4-118) 2.3 1 -45 5 8 -4 2 -8 <1 -12 -21 15 -7 -16 7 3 21 11 100 

19. x 15 9 -82 21 28 -1 1 -4 -7 -10 -41 28 -42 31 12 24 20 19 51 100 
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were carried out with the mole fraction parameter fixed at 10, 20 and 30% TSC and the 

resulting quality of fit factors do not differ greatly (0.178, 0.178, 0.179). The fit factor, 

however, indicates the goodness of the overall fit to the intensity data. Visually some 

regions of the intensity curve improve and others worsen; especially near the leading edge 

of the experimental intensity curve, and in the RD curves in the regions r > 4.0 A. All 

things considered, it is probably not possible to rule out as much as 20% of the TSC 

conformer in the gas phase, but we feel it unlikely there is more than this amount present. 

The CST and TST Conformers 

The molecular structures of the CST and CSC conformers are quite similar The 

difference between the two is simply rotation of the oxygen about the C2C5 bond, and radial 

distribution curves produced with each structure are likewise similar. It is expected that 

large amounts of this conformer could be added in with the CSC model with the resulting 

fits being very satisfactory. However, ab initio optimizations with each basis set used in 

this study, predict the CST structure to be the least stable vapor phase conformation with 

its presence calculated at less than 0.01%. On this basis it was ruled out as a possible vapor 

phase candidate. 

The TST structure, on the other hand, is calculated to have a concentration similar 

to the TSC conformer. The TST structure was finally ruled out as a significant contributor 

because the long distance peaks (r = 4.5 A) apparent in its theoretical radial distribution 

curve are not evident in experimental curves. Ultimately neither the CST or TST 

conformers were included in the refinement procedure. 
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CHAPTER 1V
 

3-CHLOR0-1-PROPANOL 

This investigation is the first half of a project designed to examine and compare the 

extent of gas-phase intramolecular hydrogen bonding in the molecules 3-chloro-l-propanol 

and 3-fluoro- 1-propanol. The main idea is to obtain evidence for the conformational 

composition of the vapor as a function of temperature, thus enabling one to calculate the 

energy and entropy differences associated with the equilibria. Particular interest is focussed 

on the amounts of those conformers capable of internal hydrogen bond formation. 

In 1972 Bastiansen, Brunvoll, and Hargittai(36) published the results of an electron-

diffraction investigation of 3-chloro- 1 -propanol at an unspecified temperature based on a 

model that consisted of five species differing in their heavy atom conformations. Beginning 

at the OH end of the molecule, the symbols for their conformers may be designated as AA, 

AG, GA, GO, and GG-, where the letters stand for (A)nti and (G)auche and the negative 

sign indicates a clockwise rotation of the forward group in contrast to the implied 

counterclockwise positive rotation. The HOCC torsion was ignored because the torsion-

sensitive 110.-M distances cannot be measured by GED In this study bond distances, bond 

angles, torsion angles and composition were refined in an iterative process at each stage of 

which only a few of the parameters were allowed to change. Only the GG- conformer has 

the oxygen and chlorine atoms near enough to form an intramolecular hydrogen bond; the 

results include an estimate of about 20 (2) mole percent for the amount of this conformer. 

There were a number of reasons for undertaking a reinvestigation of 3-chloro- 1

propanol. First, the original study included a number of assumptions regarding the 
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conformational makeup of the vapor which, while adequate for the time could be improved 

with the use of theoretical tools unavailable then but now in common use. Second, the 

uncertainty of the sample temperature in the original work made those results difficult to 

use in our planned study of a temperature effect. Lastly, but of great importance in difficult 

conformational studies of homologues such as the 3-halo-l-propanols, is the desirability 

of obtaining results from the same apparatus because measurements of the conformational 

composition may be influenced by small differences in apparatus behavior and in procedures 

for data handling. We decided to investigate the chlorine molecule before the fluorine 

because it is commercially available. In fact the chlorinated molecule is a precursor in the 

synthesis of the fluorinated species. Experiments were done at two temperatures, 115 °C 

and 367 °C, in order to assess better any changes in the equilibrium composition of the 

vapor. 

Experimental 

3-Chloro-1-propanol was purchased from the Aldrich Chemical Company and used 

as received (98%). Electron- diffraction photographs were taken at two camera distances, 

nominally 30 cm (middle) and 75 cm (long). Vapor for the experiments was obtained by 

heating the sample container in a bath held at 50 and 90 °C. The samples were introduced 

into the diffraction chamber using the nozzle described in chapter I. Photographic plate 

exposure times varied from 1 to 1.5 minutes for the long camera and 2 to 3 minutes for the 

middle camera distance. Additional experimental conditions included beam currents of 0.58 

- 0.80 nA; a sector with an angular opening proportional to r3; 8"x10" Kodak electron-

image plates; and electron wavelengths of 0.04861 - 0.04876 A as determined by 
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calibration against diffraction patterns from gaseous CO2 (ra(C-0) = 1.1646 A, ra(0-0) 

= 2.3244 A). 

At the lower temperature the long-camera pictures were fairly easy to obtain; 

however, all the middle distance plates were relatively light and several experiments were 

performed in an effort to obtain more intensity. The resulting ten experimental intensity 

curves presented in Figure 4.1 are the average of three microphotometric traces of each 

plate done to enhance ring intensities and reduce background noise. At the higher 

temperature three plates were made at each camera distance and each traced once to yield 

the curves shown in Figure 4.2. The curves in each figure have been multiplied by fifteen 

relative to the smooth backgrounds upon which they are superimposed. For each 

temperature two average intensity curves, covering the ranges 2.0 s silci s 10.0 and 8.0 

s s/A-1 s 35.0 at intervals of 0.25 s (s = 47a-'sin 0; 20 is the scattering angle) were 

formed from the long and middle distance curves and were used in the least squares 

refinement procedure. The theoretical and difference (average minus theoretical)curves 

for the final model are also shown in the figures. Experimental radial distribution curves 

calculated in the manner described in chapter I are shown in Figure 4.3. Missing 

experimental intensity data in the inaccessible region s s 2.0 A.' were taken from theory. 

Each composite intensity curve was multiplied by Ze2/Ac2 exp(-0.002 s2) before Fourier 

transformation. 

Structural Analysis 

It is evident that the greatest difficulty in this type of investigation is the complexity 

of the system which contains many conformers differing essentially only in their torsion 
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Figure 4.1. Intensity curves for 3-chloro-1-propanol at 115 °C. Experimental curves are 
in the form A. The traces for the two nozzle heights have been magnified fifteen times 
times, relative to the backgrounds on which they are superimposed. Average curves are 
s(slrbkgd). Theoretical curves were calculated from the parameter values of Table 4.4. 
Difference curves are experimental minus theoretical. 
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Figure 4.2. Intensity curves for 3-chloro-1-propanol at 367 °C. The legend for Figure 4.2 
applies except that the traces for the two nozzle heights have been magnified five (long 
camera) and ten (middle camera) times, relative to the backgrounds on which they are 
superimposed. 
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Figure 4.3. Radial distribution curves for the two final models. Experimental curves were 
calculated from composites of the two average experimental intensity curves for each 
temperature multiplied by the factor Zc2/Ac2 exp(-0.002 s2). A portion of the theoretical 
curve from final model was added to give data for the unobserved region 0.0 s s/A s 2.0. 
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angles. A single molecule of 3-chloro-1-propanol, for example, has 27 possible molecular 

configurations arising from internal rotation about the 0C1, C1C2, and C2C3 bonds 

(Figure 4.4). In this study identification of a structure begins at the OH end of the 

molecule. The lower case letter indicates the position of the hydrogen atom (anti or 

gauche) and succeeding capitol letters indicate torsion about the succeeding CC bonds. 

As with the earlier designation, a torsion angle is positive if the forward group of two 

atoms initially in the eclipsed position is rotated counterclockwise. This action is repeated 

three times down the length of the atom chain. 

Fortunately all 27 conformers of 3-chloro-l-propanol need not be included in a 

complete model. Of the total number of structures 26 exist as a conformer and its mirror 

imageonly the stretched out, all anti form, is unique. Since GED cannot distinguish 

between mirror images, one only needs to include 13 of these structures plus the all anti 

form to fully describe the composition in a theoretical model. A list of these conformers 

is given in Table 4.1. 

In an effort to simplify the overall problem, ab initio geometry optimization 

calculations at the HF/6-31G* basis level were made for each of the conformers using the 

program SPARTANP) The energies of each structure were used to determine the relative 

gas-phase mole fractions using a simple Boltzmann distribution (/%11/ EN, = exp(-E1/ RT) 

E exp(-Ei / RT)). Each conformer was included in the model in this quantity. The ab 

initio calculations actually serve three purposes: they provide 1) a reasonable 

approximation to the relative gas-phase conformational mixture for help in formulation of 

a trial structure; 2) a force constant matrix and atomic coordinates that are used in the 

program ASYM40(5) to calculate amplitudes of vibration and shrinkage corrections (see 
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H9
 

Figure 4.4. Diagram of the aAA conformer of 3-chloro-l-propanol. 
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Table 4.1. Energy calculation results at the HF/6-31G* 
level for the 14 conformers of 3-chloro-l-propanol. 

Relative 
Conformer Hartrees kcal/mole Percent 

1 aGG -652.01423 0 33.1 

2 aGA -652.01378 0.28 20.6 

3 gGA -652.01343 0.50 14.3 

4 g-GG -652.01320 0.65 11.1 

5 gGG -652.01282 0.88 7.5 

6 aAG -652.01216 1.30 3.7 

7 gAG -652.01184 1.50 2.6 

8 aAA -652.01154 1.69 1.0* 

9 gAA -652.01141 1.77 1.7 

10 gG-Gb -652.01131 1.83 1.5 

11 g-AG -652.01125 1.87 1.4 

12 g-GA -652.01114 1.94 1.3 

13 gGG-b -652.00921 3.15 0.2 

14 aGG -652.00687 4.62 <.1 

The aAA percentage is half the calculated value due to the 
unique nature of the conformer. 
"Potential candidates for internal hydrogen bonding. 
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chapter 1); and 3) sensible starting parameters for bond distances, bond angles, and torsion 

angles for the least squares analysis. 

Since the primary focus of this study is to discover the fraction of conformers 

present in the vapor with the potential to form intramolecular hydrogen bonds, the 

conformers were divided into two groups, those that have the potential for hydrogen-bond 

formation (gG-G, and gGG-) and those that don't. A parameter (a) was introduced to 

allow the fractions of the two groups to vary relative to each other. Within each group the 

relative proportions of the conformers were held at the values obtained from the ab initio 

calculations. This procedure allows an experimental estimate of the amount of those 

conformers experiencing internal hydrogen bonding. Although it can be argued that 

conformers 6 through 13 in Table 4.1 are of such low percentage that they contribute very 

little and need not be involved in the model, items 10 and 13 are the structures with the 

potential to form intramolecular hydrogen bonds. Since these two structures were included, 

for consistency all conformers through 13 were also included. The aGG- conformer was 

not specifically put into the model because the calculations predict its contribution to be 

almost zero. In a sense however, it is part of the gGG- conformer since it differs only in 

the position of the hydrogen atoma difference which would remain undetected by the 

GED technique. 

Thirteen parameters (five distances, five angles, and three torsion angles) were 

defined to calculate the structure of a single conformer. These parameters consist of an 

average and a difference of the CC distance, (CC) and (C1C2-C2C3); the average CH 

distance, (CH); the C-0 and CCl bond distances; the COH and CCCl bond angles; 

an average and a difference of the CCC and CCO angle, (CCC,CCO) and (CCC-CCO); and 
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an average CCH angle, (CCH). The 0H distance was included by subtracting 0.137 

A, the calculated difference for the aGG conformer, from the (CH) value. 

As shown in Table 4.1 the aGG conformer is calculated to be the most abundant 

gas-phase species. The parameters described above were applied to it. The structures for 

the other 12 conformers were added to the model by means of fixed "delta" values. These 

deltas are the differences between the parameter values calculated for aGG and 

corresponding ones for each of the other conformers. The structures are thus tied together 

through the calculated deltas. In this way, as one of the thirteen parameters of aGG is 

refined, the deviation from the calculated value is automatically incorporated into the 

structures of each of the other conformers. The effect each conformer has on a particular 

parameter is weighted by its calculated mole fraction. The fact that the aAA structure is 

unique and the other conformers actually represent two molecules required its calculated 

mole fraction to be reduced by half. Except for H "H distances all scattering interactions 

were included in the model. 

In addition to the geometrical parameters just described, there are dynamic 

parameters in the form of amplitudes of vibration. The enormous number of amplitudes 

(one for each different distance) prohibits the refinement of each one individually. To 

overcome this problem amplitudes belonging to similar distance types were formed into 

groups which were then refined with the use of an ensemble parameter for each group. The 

individual amplitudes comprising a group were taken from normal coordinate calculations 

done with ASYM40 using force fields obtained from ab initio calculations (IIF/6-31G*) 

for each conformer. The group refinement thus allowed the amplitudes to change, but 

preserved the calculated differences between the group members. Further details of the 
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amplitude refinements are found in the next section. All in all, forty atom-atom interactions 

complete with amplitudes of vibration and shrinkage corrections (calculated with 

ASYM40) were included for each conformer, bringing the total number of distances in the 

model to 520. 

Results 

Tables 4.2 and 4.3 are listings of the results for the refined structural parameters. 

The conformer aGG-, though not included in the refinement procedure, has been added 

to the tables for structural comparison. The refined parameter values are listed in column 

2 under the heading aGG. Each subsequent column contains the sum of the aGG parameter 

value and the delta derived from ab initio calculations for the particular conformer 

designated by the column heading. Initial attempts to refine the COH angle, CCC-CCO 

angle difference, and torsion angles resulted in values with very large uncertainties. 

Accordingly they were set to the ab initio values for the final least squares refinement 

cycles. Table 4.4 presents a comparison of the (thermal-averaged) values of the structural 

parameters at the two experimental temperatures. Each entry represents contributions from 

all conformers in proportion to their mole fractions in the final model. These mole fractions 

are shown in the last line of the table. 

Table 4.5 shows the complete list of individual distances and amplitudes for the 

most abundant conformer, aGG. The three different types of distances have been described 

in the introductory chapter; differences between them reflect various types of vibrational 

corrections. With these differences as a guide, one may obtain a good qualitative idea of 



Table 4.2. Parameter values (r, and 4 115 °C experiment) for the aGG conformer, and parameter-plus-delta values for the other 13 
conformers of 3-chloro-l-propanol.' 

aGG aGA gAG g-GG gGG aAG gAG aAA gAA gG-G g-AG g-GA gGG aGG-

Bond Distances 
(CC) 1.517(5) 1.516 1.513 1.514 1.514 1.517 1.514 1.516 1.513 1.510 1.513 1.513 1.509 1.513 

(c c2-c2c3) 0.048(16) 0.050 0.056 0.056 0.054 0.050 0.055 0.051 0.057 0.059 0.055 0.056 0.051 0.045 

(CH) 1.064(9) 1.064 1.064 1.065 1.064 1.063 1.064 1.063 1.064 1.064 1.064 1.064 1.064 1.062 

C-0 1.400(6) 1.401 1.401 1.400 1.400 1.401 1.402 1.404 1.404 1.407 1.403 1.400 1.407 1.406 

C-Cl 1.786(4) 1.791 1.791 1.785 1.789 1.788 1.788 1.795 1.795 1.784 1.790 1.794 1.783 1.796 

Angles 

C-O-H [109.9] 109.8 110.1 110.1 110.1 110.1 110.2 109.9 110.1 109.7 110.0 109.3 109.4 109.9 

C-C-Cl 112.8(11) 113.8 113.7 112.4 112.9 112.3 112.5 113.5 113.4 111.4 112.4 113.4 112.3 110.7 

(CCC,CCO) 110.2(12) 111.2 109.1 107.8 108.2 110.4 108.2 111.7 109.4 106.1 108.1 108.8 106.8 108.3 

CCC-CCO [6.2] 9.1 13.6 9.7 10.7 5.0 9.3 8.3 12.8 10.4 9.6 12.8 12.2 6.3 

(C-C-H) 113.3(31) 112.6 112.4 113.0 112.8 112.8 112.7 112.3 112.3 113.3 112.8 112.6 112.9 113.5 

Torsion Angles 
HOCC [188.3] 180.2 70.1 267.1 72.4 174.6 73.3 180.0 66.8 64.1 291.9 270.0 53.8 183.3 

OCCC [60.8] 60.7 59.6 53.4 59.8 174.3 175.4 180.0 177.3 276.0 178.3 63.1 50.4 70.1 

CCCC1 [68.3] 178.4 181.1 60.3 70.5 65.8 67.6 180.0 179.2 66.1 66.4 178.5 273.1 279.0 
'Values in brackets were not refined. Bond distances are in angstrOms, bond angles and torsion angles are in degrees. 



Table 4.3. Parameter values (r, and .4 367 °C experiment) for the aGG conformer, and parameter-plus-delta values for the other 13 
conformers of 3-chloro-l-propanol.' 

aGG aGA gAG g-GG gGG aAG gAG aAA gAA gG-G g-AG g-GA gGG- aGG-

Bond Distances 
(CC) 1.535(9) 1.534 1.531 1.532 1.532 1.535 1.532 1.534 1.531 1.528 1.531 1.531 1.527 1.531 

(C1C2-C2C3)	 0.011(130) 0.013 0.019 0.019 0.017 0.013 0.018 0.014 0.02 0.022 0.018 0.019 0.014 0.008 

(CH) 1.092(14) 1.092 1.092 1.093 1.092 1.091 1.092 1.091 1.092 1.092 1.092 1.092 1.092 1.09 

C-0 1.387(9) 1.388 1.389 1.387 1.388 1.389 1.389 1.391 1.392 1.395 1.39 1.387 1.394 1.394 

C-Cl 1.784(13) 1.789 1.789 1.783 1.787 1.786 1.786 1.793 1.793 1.782 1.788 1.792 1.781 1.794 

Angles 

C-O-H [109.9] 109.8 110.1 110.1 110.1 110.1 110.2 109.9 110.1 109.7 110 109.3 109.4 109.9 

C-C-Cl 111.2(40) 112.3 112.1 110.8 111.4 110.7 110.9 112 111.9 109.9 110.9 111.8 110.8 109.1 

(CCC,CCO) 110.8(30) 111.8 109.7 108.4 108.8 111 108.9 112.3 110 106.7 108.8 109.4 107.4 108.9 

CCC-CCO [6.2] 9.101 13.58 9.697 10.69 5.019 9.32 8.342 12.76 10.35 9.558 12.75 12.17 6.251 

(C-C-H) 113.3 (49) 112.6 112.4 113 112.8 112.8 112.7 112.4 112.3 113.3 112.8 112.7 113 113.5 

Torsion Angles 
HOCC [188.3] 180.2 70.1 267.1 72.4 174.6 73.3 180 66.8 64.1 291.9 270 53.8 183.3 

OCCC [60.8] 60.7 59.6 53.4 59.8 174.3 175.4 180 177.3 276 178.3 63.1 50.4 70.1 

CCCC1 [68.3] 178.4 181.1 60.3 70.5 65.8 67.6 180 179.2 66.1 66.4 178.5 273.1 279 
'Values in brackets were not refined. Bond distances are in angstrOms, bond angles and torsion angles are in degrees. 
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Table 4.4. Comparison of least squares refinement parameter values 
(rs, Is) at 115 °C and 367 °C for models of 3-chloro-l-propanol that 
include all conformers.' 

N Parameter 

1 (CC) 

2 (C1C2-C2C3) 

3 (CH) 

4 C-0 

5 CCl 

6 (COH) 

7 (CCC1) 

8 (CCC,CCO) 

9 (CCC-CCO) 

10 (CCH ) 

11 ab 

115 °C 

1.527(5) 

0.045(16) 

1.099(9) 

1.424(6) 

1.803(4) 

[107.3] 

111.6(11) 

110.3(11) 

[3.7] 

112.7(30) 

4 %(14) 

367 °C 

1.545(9) 

0.008(130) 

1.128(14) 

1.412(9) 

1.801(13) 

[107.3] 

110.1(39) 

111.0(30) 

[3.7] 

109.7(47) 

5%(24) 

"Parameter values are of a weighted by the conformer fraction.
 
Distances in angstrOms, and angles in degrees. Parameters in brackets
 
were not refined.
 
"Refined percentage of the hydrogen bonded species.
 



Table 4.5. Distance (r/A) and root-mean-square-amplitude (//A) results for the aGG conformer of 3-chloro-l-propanol.' 

115 °C 337 °C 

N Dist ra rQ 1 ra r8 ra I 

1 

2 

OHS 

C1116 

0.927 

1.064 

1.026 

1.099 

1.018 (9) 

1.091(9) 0.097 
1(11)

0.087 0.955 

1.092 

1.055 

1.128 

1.040 (14) 

1.113 (14) 0.128 1(13) 

0.118 

3 C10 1.400 1.428 1.427 (6) 0.051 1.387 1.416 1.412 (10) 0.070 

4 C2C3 1.493 1.499 1.497(8) 0.052 12) 1.530 1.535 1.532 (62) 0.071 11) 

5 C1C2 1.541 1.547 1.545 (12) 0.052 1.541 1.546 1.543 (69) 0.071 

6 C3C1 1.786 1.802 1.800 (4) 0.060 (6) 1.784 1.800 1.794 (14) 0.103 (9) 

7 C1115 1.924 1.992 1.986 (9) 0.103 1.933 2.002 1.994 (15) 0.122 

8 0116 2.066 2.116 2.111 (35) 0.102 2.041 2.092 2.084 (55) 0.121 

9 0117 2.066 2.115 2.110 (35) 0.103 2.041 2.090 2.083 (54) 0.122 

10 CA 2.192 2.206 2.200 (38) 0.111 2.175 2.190 2.182 (76) 0.130 

11 C1119 2.192 2.207 2.201 (38) 0.111 2.175 2.191 2.183 (76) 0.130 

12 C2H6 2.192 2.213 2.208 (38) 0.109 26) 2.175 2.197 2.189 (76) 0.128 31) 
13 C2H7 2.192 2.213 2.207 (38) 0.109 2.175 2.196 2.189 (76) 0.128 

14 C21110 2.149 2.169 2.163 (36) 0.109 2.166 2.186 2.178 (82) 0.128 

15 CAI 2.149 2.166 2.161 (37) 0.109 2.166 2.183 2.176 (82) 0.128 

16 C3118 2.149 2.165 2.159 (36) 0.112 2.166 2.182 2.174 (82) 0.130 

17 C3H9 2.149 2.162 2.157 (36) 0.109 2.166 2.179 2.172 (82) 0.128 

18 C11110 2.413 2.443 2.427 (39) 0.193 1(301) 2.393 2.422 2.418 (65) 0.103 1(87) 

19 C1H11 2.413 2.444 2.428 (39) 0.193 2.393 2.423 2.419 (65) 0.103 



Table 4.5, Continued 

20 C20 

21 C1C3 

2.367 

2.534 

2.388 

2.539 

2.386 (18) 

2.537 (18) 

0.069 

0.071 
(35) 

2.366 

2.573 

2.387 

2.579 

2.383 (32) 

2.575 (39) 

0.098 

0.100 
(95) 

22 0118 2.736 2.756 2.724 (104) 0.300 2.661 2.682 2.669 (169) 0.181 

23 OH9 3.307 3.331 3.317 (19) 0.214 3.313 3.336 3.333 (42) 0.095 

24 Ciflio 3.456 3.468 3.454 (19) 0.216 3.504 3.516 3.513 (34) 0.097 

25 C1H11 2.833 2.846 2.817 (99) 0.289 2.786 2.799 2.789(170) 0.170 

26 

27 

C3H6 

C31-17 

2.865 

3.466 

2.878 

3.480 

2.849 (94) 

3.467 (24) 

0.284 

0.216 
368) 

2.828 

3.509 

2.841 

3.524 

2.831 (164) 

3.521 (54) 

0.166 

0.097 
122) 

28 C11-11 3.673 3.684 3.671 (14) 0.218 3.696 3.707 3.704 (32) 0.099 

29 C1H9 2.994 3.005 2.974 (99) 0.303 2.906 2.917 2.906 (173) 0.185 

30 C2H5 3.189 3.236 3.222 (19) 0.210 3.214 3.260 3.258 (44) 0.091 

31 C3H3 3.692 3.730 3.701 (46) 0.329 3.755 3.793 3.782 (90) 0.210 

32 C2C1 2.735 2.744 2.741 (17) 0.087 (13) 2.739 2.747 2.742 (37) 0.118 (39) 

33 C1H6 2.983 3.010 3.002 (100) 0.152 2.899 2.926 2.909 (184) 0.220 

34 

35 

MIN 
OH11 

3.735 

2.642 

3.753 

2.679 

3.751 (62) 

2.670 (122) 

0.080 

0.155 101) 
3.842 

2.588 

3.860 

2.625 

3.855 (95) 

2.606 (228) 

0.148 

0.223 
547) 

36 C1117 4.183 4.195 4.194 (57) 0.081 4.240 4.252 4.247 (79) 0.149 

37 

38 

C30 

C1C1 

2.889 

3.285 

2.908 

3.294 

2.901 (42) 

3.288 (36) 

0.140 

0.142 
46) 

2.927 

3.295 

2.946 

3.304 

2.934 (92) 

3.293 (61) 

0.190 

0.192 
(168) 

39 0C1 3.861 3.873 3.851 (42) 0.287 (52) 3.877 3.889 3.867 (72) 0.288 (52) 
40 C1H5 4.402 4.427 4.385 (48) [0.428] 4.436 4.461 4.420 (77) [0.428] 
'Amplitudes with common uncertainties were refined as a group and those in brackets are assumed. 
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the corrections for the other conformers. (Corresponding tables for the other conformers 

have been omitted as being of little interest to the reader.) 

Table 4.5 also shows the groupings of the amplitude parametersthe items 

enclosed by curly brackets:for the aGG conformer. The other conformers have similar, 

but not in every case identical, groupings. Each of the groups shown is tied to 

corresponding ones in the other conformers and the whole handled with a single 

"supergroup" parameter. The uncertainties in the values of these parameters are shown in 

parentheses. 

Correlation matrices for the two experiments are given in Tables 4.6 and 4.7. 

Discussion 

The distance, angle, and amplitude values are unexceptional, as expected. The most 

important result of our study concerns the composition of the gaseous mixture: at a final 

value of only 4% (14) and 5% (24) for the amount of the hydrogen-bonded species at the 

lower and higher temperatures, there is no indication that a strong internal hydrogen bond 

is formed in 3-chloro-l-propanol. The point is illustrated by the radial distribution curves 

shown in Figure 4.5. The markers (+ and ) in Figure 4.5 indicate the positions of the 

prominent torsion-sensitive distances C1C1 and 0C1 in the five conformers calculated to be 

the most abundant, namely the first five listed in Table 4.1. The figure shows a large build

up of these distances in the 3.0 - 3.5 A region of the theoretical curve for only H-bonded 

conformers, a build-up absent in the experimental curves. The absence of significant 

amounts of hydrogen-bonded species is more directly seen in the comparison provided by 

the two theoretical curves representing respectively all the conformers and those without 
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Table 4.6. Correlation matrix (x 100) and parameter uncertainties for the refined parameters of 3-chloro-l-propanol at 115 °C. 

Parameter au ri r2 r3 r4 r5 L6 L7 L3 19 110 111 112 113 114 115 116 117 11$ 119 in a 
(CC) 0.002 100 

(C1C2-C2C3) 0.006 47 100 

(CH) 0.003 25 11 100 
C-0 0.002 4 22 4 100 

C-Cl 0.001 -20 -14 -21 -2 100 
C-C-Cl 0.402 6 28 8 12 -22 100 

(CCC,CCO) 0.413 -12 -30 4 -23 -2 24 100 
(C-C-H) 1.107 -16 3 -26 -7 2 -44 2 100 
1(0-H5) 0.004 42 15 44 21 -30 13 -3 -25 100 
1(C1-0) 0.004 -10 -23 33 44 -18 11 2 -31 52 100 
1(C3-C1) 0.002 33 6 46 -7 -34 7 1 -16 63 48 100 
/(C1H5) 0.009 22 16 29 28 -46 8 7 18 43 42 37 100 
1(C11110) 0.107 12 15 19 13 -29 -32 -14 65 23 19 27 69 100 
1(C2.0) 0.012 6 4 4 12 4 62 17 -81 11 16 0 -19 -75 100 
1(0Hs) 0.130 34 20 39 17 -32 21 10 -9 50 41 45 62 50 -2 100 
1(C2 C1) 0.005 7 10 23 18 -22 -13 -46 19 33 37 37 45 59 -31 26 100 
1(C11-16) 0.036 15 8 7 -4 <1 8 32 -11 5 -2 2 -2 -10 14 6 -8 100 
1(C30) 0.016 -5 2 6 11 -13 34 -26 4 13 20 16 23 25 -9 11 46 -9 100 
1(0C1) 0.018 4 -1 8 3 -6 -24 -11 11 11 11 12 11 20 -18 15 11 -20 -12 100 
l(CICl)* 0.014 1 <1 -3 <1 -4 -20 1 25 5 5 7 11 23 -25 6 7 -29 -13 4 100 

a 0.051 33 9 19 -5 -2 5 35 -31 19 6 9 -6 -21 27 22 -28 36 -44 8 6 100 
*Amplitude is associated with GA type conformers 
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Table 4.7. Correlation matrix (x100) and parameter uncertainties for the refined parameters of 3-chloro-l-propanol at 367°C. 

Parameter um r1 r2 r3 r4 r3 L6 L7 4 40 41 42 43 44 45 46 47 In 119 120 a 
(CC) 0.003 100 

(CC-CC) 0.046 36 100 
(CH) 0.005 34 21 100 

C-0 0.003 48 8 29 100 

CCl 0.005 37 -16 -7 30 100 
CCCl 1.401 17 81 17 -1 -29 100 

(CCC,CCO) 1.067 -52 -80 -23 -28 -8 -55 100 

(CCH) 1.735 -56 -16 -43 -23 15 -13 36 100 
1(0-115) 0.004 56 7 27 44 15 <1 -22 -46 100 
1(C1-0) 0.004 18 -44 -3 17 43 -40 19 -32 31 100 
1(C3C1 0.003 -52 -10 -18 -42 -14 -4 26 47 -28 -4 100 

/(CI H5) 0.011 -1 22 19 3 -56 22 -8 -33 10 -17 7 100 
/(C112 1-110 0.031 -1 33 -2 -1 4 58 -23 28 -10 -26 10 -16 100 
1(C204) 0.033 18 2 18 7 -21 -19 -7 -53 23 19 -12 55 -82 100 

1(04 110 0.043 40 29 29 9 -9 50 -30 -59 31 16 -22 19 7 25 100 
1(C2C112) 0.014 15 -31 12 5 -11 -45 11 -59 27 42 -16 38 -77 84 10 100 
/(Cl12H6) 0.193 38 64 22 12 4 43 -55 -17 14 -17 -12 11 29 -7 <1 -20 100 
1(C304) 0.059 -26 -62 -19 -3 3 -32 47 -1 -5 29 1 -3 -30 17 -5 38 -55 100 

404C112) 0.018 15 24 10 2 5 10 -25 -3 7 -3 <1 -4 12 -7 3 -13 32 -37 100 
/(CICluf 0.027 15 31 5 -1 5 17 -11 5 2 -9 <1 2 18 -12 -19 -17 65 -35 12 100 

a 0.086 43 69 27 5 -6 53 -54 -23 15 -22 -13 6 33 -11 33 -33 60 -70 36 35 100 
'Amplitude is associated with GA type conformers 
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Figure 4.5. Comparison of experimental and theoretical radial distribution curves for the 
hydrogen-bonded and the non hydrogen-bonded structures for the 115 °C experiment. 
Markers and indicate prominent torsion-sensitive distances C1C1 and 04C1. The 
difference curves are experimental minus theoretical. 
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the hydrogen-bonded ones. Virtually identical fits to experiment are given by each of these 

models, as can be seen in the two difference curves. The five most abundant conformers 

contribute 85% of the information to the curve for the complete model. Figure 4.6 

illustrates how the character of the complete model is composed chiefly of these five 

structures. The theoretical curves of the individual species have been multiplied by their 

calculated mole fractions to show their contribution to the theoretical curve representing 

the gaseous sample. The bars under each theoretical curve have been scaled to represent 

the scattering power of the distance indicated. The bars at distances r s 3.0 A indicate 

scattering from primarily torsion-insensitive distances. Also demonstrated in the figure is 

the need for the aGA and gGA conformers to fill out the theoretical RD curve at r z 4.0 A. 

The mole fractions of the hydrogen-bonded and non hydrogen-bonded species gives 

a measure of their standard free energy difference according to 

AG° = -RT In K (4.1) 

With K = aHB / cc.BB z 4 / 96 at the lower temperature the value of AG ° is about 2.5 

kcal/mole. More interesting, however, is the absence of a significant temperature effect on 

the composition which would permit an estimate of the corresponding internal energy and 

entropy difference from 

AE° AS°K = (4.2)RT R 

Only in the event that the amount of the hydrogen-bonded species dropped when the 

temperature was increased could one postulate the hydrogen-bonded forms as having lower 

energy than the non hydrogen-bonded ones. Obviously our results are insufficiently precise 
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Figure 4.6. Radial distribution curves for the final model and the five most abundent 
conformers compared with experiment. The theoretical curves for the five conformers have 
been scaled by their calculated ratios, however bars are set to a comon scale. Markers + 
and indicate prominent torsion sensitive distances C1C1 and 04C1. The difference curve 
is experimental minus the theoretical containing all 13 conformers. 
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for a definitive statement based on experiment, but as they stand they are consistent with 

the results of ab initio calculations. 

Table 4.8 presents a comparison of the least squares refined parameter values from 

this investigation and those of Bastiansen et. al. Overall, the results from our study show 

a structure of similar size with somewhat larger vibrational amplitudes. It is possible the 

larger amplitudes are a consequence of our experimental temperature being moderately 

higher, but the temperature at which the other study was carried out was not cited. The 

OH amplitude of the 1972 study is unreasonably small at 0.029 A, the ab initio value is 

0.069 A, and our value is a little larger at 0.087 A. The most striking differences between 

the two studies is the percentage of hydrogen-bonded species. The earlier study suggests 

about 20% (2) of it while the results for the current study suggest values of 4 - 5% in good 

agreement with the ab initio results for the two conformers (gG-G and gGG-) at 1.7%. 

The uncertainty estimate of the earlier study seems a bit small for such a complex system. 

It may be that the method of refinement, i.e. that some parameters were held constant while 

refining others, led to the unreasonably small uncertainty. 
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Table 4.8. Comparison of least-squares refinement results for 3-chloro-1
propanol from the current and 1972 studies.' 

This Work 
Parameter" 

CCl 1.800 (4) 

(CC) 1.521 (10) 

C-0 1.427 (6) 

0H 1.018 (9) 

CH 1.091(9) 

CCCl 112.8(11) 

CCC 116.3 (12) 

CC-0 104.0(12) 

CCCCb [66.4] 

OCCCb [58.0] 

GA' 35(14) 

GG' 50 (14) 

GG-"d 4 (14) 

1 

0.060 (6) 

0.052 (12) 

0.051 (12) 

0.087 (11) 

0.097 (11) 

1972
 

rQ 1 

1.806 (2) 0.049 (2) 

1.531(2) 0.042 (2) 

1.422 (2) 0.040 (3) 

0.976 (9) 0.029 (11) 

1.122(3) 0.072(4) 

112.4 (0.25) 

111.3 (0.55) 

106.1 (0.32) 

59.2 (1.6) 

75.5 (2.4) 

17(2) 

64 (4) 

20 (2) 

'Distances and amplitudes are in ingstrOms. Values in brackets were assumed. 
"Torsion angles are for conformers with GG structure. Percentage of species 
with this type of heavy atom structure. dHydrogen bonded conformers. 
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CHAPTER V
 

2,2',5,5'-TE'TRAMETHYL-1,1'-DISTIBAFERROCENE 

The di-n-cyclopentadienyl complexes have intrigued scientists since the discovery 

in the early 1950's of ferrocene (dicyclopentadienyliron).(") Interesting aspects of these 

structures are the relative orientation of the cyclopentadienyl rings, and the placement of 

the atom sandwiched between them. In ferrocene, investigatore) have determined the 

rings to lie predominantly in an eclipsed planer (prismatic) arrangement, but with a barrier 

to rotation so low as to allow a sizeable fraction of the molecules to exist with an 

antiprismatic structure in both the vapor and crystal. Many of these so called "sandwich 

molecules" with the basic ferrocene framework have been synthesized. Some have the iron 

substituted (examples include Ni, m) Co,m cr,(41,42) Mg,(;') V(42)) and others replacement of 

a carbon atom in one or both rings. It has been showe) that in some of the molecules in 

which a carbon atom has been substituted in both rings, the replacement atoms have the 

ability to anchor the rings in place via an inter-ring bond. X-ray measurements") have 

ascertained that crystalline 2,2',5,5'-tetramethy1-1,1'-distibaferrocene (hereafter referred to 

as TMDSF) is one such molecule. The crystal structure (Figure 5.3b) is one in which the 

rings lie parallel and facing each other, with the antimony atoms in an eclipsed 

configuration, and in close enough proximity to provide an SbSb bond via the pz orbitals. 

It is of interest, therefore, to determine whether or not the eclipsed configuration is also the 

preferred gas-phase structure. 

Other gas-phase metallocene structures have been analyzed using electron 

diffraction(3942) and it seemed worthwhile to apply this technique to a study of TMDSF. 
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Unfortunately, TMDSF is reportedly unstable above about 100 °C, and as events showed 

is also relatively involatile at this temperature. This meant that the diffraction data might 

well have to be gotten from a sample heated much above 100 °C and accordingly be 

representative of a mixture containing substantial amounts of decomposition products. 

However, since the main objective of the study was to obtain information about the relative 

orientation of the rings, and since this could be determined by measurements of the FeSb 

and SbSb distances, the effort seemed worthwhile. As will be seen, a model having 

eclipsed orientations of the two antimony atoms was found to give a reasonable fit to the 

data, which contained evidence of impurities. However, the model is deficient in other 

respects, possibly because of the unidentified impurities, so that a measure of doubt about 

the ring orientation exists. It is hoped that the study reported here can be augmented by 

future experiments to remove the present uncertainties. 

Experimental 

A sample of solid TMDSF was obtained from Professor A. Ashe III of the 

University of Michigan and used as received. The sample was vaporized and introduced 

into the electron-diffraction apparatus using the electrically heated oven. Due to the low 

volatility of the sample, heating the oven to 213 - 225 °C was required to produce enough 

vapor to achieve a small amount of scattering. This was somewhat worrisome in that we 

were unsure about the amount of sample decomposition and the volatilities of the 

decomposition products at these high temperatures. When the oven needle valve was 

opened and sample admitted into the apparatus, a small amount of scattering could be seen 

on an alignment screen below the nozzle tip. This was correlated to a small but rapid 
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increase in the apparatus pressure. The volatility was such that an equilibrium pressure 

could not be maintained and both the pressure increase and the scattering fell off quickly. 

To overcome this problem and enhance the intensity of the diffraction pattern on the 

photographic plate, the electron-beam shutter and the oven valve were simultaneously 

opened for a period of 15 to 45 sec in a series of "shots". At the end of each shot a delay 

period of approximately two minutes allowed the sample equilibrium vapor pressure to be 

reestablished inside the oven. This shot/delay cycle was repeated until a total exposure time 

of three to six minutes had been accumulated for each exposed plate. 

Ten pictures were taken at the middle camera distance (30 cm), of which three were 

of tolerable intensity. Most of the sample fraction initially set aside to acquire long camera 

(75 cm) pictures had been used in the struggle to obtain middle camera pictures. To 

provide enough sample for long camera pictures the remaining portion was mixed with 

scrapings from the previous experiments. Usually long camera pictures can be obtained 

with cooler temperatures and shorter exposure times, however, the oven required heating 

to 225 - 280 °C to achieve even a modest amount of scattering from the mixed sample. 

Of the five plates exposed at this distance all were exceedingly light and useable data could 

not be obtained from these plates. The middle distance data were analyzed using least 

squares procedures; however, ambiguities in the results (eclipsed and freely rotating 

theoretical models provided equally good fits to the experimental data) made it necessary 

to procure a second sample to obtain data for the inner region (2.0 s s/A-1 s 8.0). The 

second sample was more volatile than the residue from the first, and five long camera (75 

cm) pictures were easily made at two temperatures, 123 °C (one plate) and 163 °C (four 

plates). 
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Additional experimental conditions consisted of a sector with an angular opening 

proportional to r3, beam currents of 0.58 - 0.98 gA, 8"x10" Kodak electron image plates, 

and electron wavelengths of 0.04866 - 0.04890 A as determined by calibration against 

diffraction patterns from gaseous CO2 (ra(C-0) = 1.1646 A, re(00) = 2.3244 A). Data 

covered the ranges 2.0 s s/A-1 s 10.0 (long camera) and 8.0 s s/A4 s 39.5 (middle camera) 

at intervals of 0.25 s (s = 0; 20 is the scattering angle). 

Diffraction Data 

The electron-diffraction data was reduced as described in chapter Ito produce the 

intensity curves. The eight upper curves displayed in Figure 5.1 are the data-reduced 

curves for both the long and middle camera experiments. Each curve is multiplied by a 

factor of ten relative to the smooth background on which it is drawn. The uppermost long 

camera curve represents the 123 °C data Instantly noticeable in this figure is the changing 

shape of the second maximum in the long camera data. There are two possibilities for the 

change: 1) decomposition of the sample; 2) a solvent impurity which evaporates away 

during the experiment. We believe the change maybe the result of a solvent impurity rather 

than decomposition of the sample. This conjecture is not unreasonable in light of the fact 

that crystals suitable for x-ray diffraction experiments were obtained by recrystalization 

from acetonitrileo and our sample was supplied by these investigators. Since the boiling 

point of acetonitrile is about 80 °C, and the oven nozzle is not open continuously over 

course of the experiment, it is reasonable to assume some scattering due to a solvent 

impunity could still be evident at the higher temperature. The change appears to have come 

to completion after the first three exposures (top three curves) and the two lower long 
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I I 1 

10 20 30 40 s /k1 

Figure 5.1. Intensity curves for TMDSF. The experimental curves are in the form A and 
have been magnified ten times relative to the backgrounds on which they are superimposed. 
Average curves are s(sTrbkgd). Theoretical curves were calculated from parameter values 
shown in Table 5.1. The difference curves are experimental minus theoretical. 
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camera curves are interpreted as the scattering from a more pure sample. These last two 

plates also show better overlap with the middle distance curves and were consequently 

chosen to represent the long distance data. The two average curves cover the ranges 2.0 

s s/A4 s 10.0 and 8.0 s s/A-1 s 39.5. Although it can be argued that the data shown in the 

average curves is sparse beyond about s = 25.0 A-% with a little imagination peak maxima 

and minima correlating to those found in the theoretical curves can be visualized in amongst 

noise. 

The experimental radial distribution curve displayed in Figure 5.2 was obtained by 

Fourier transform of a composite of the average experimental intensity data multiplied by 

the factor Zsb2/Asb2 exp(-0.002 s2). The inner portion of the theoretical intensity curve has 

been added to the composite to provide data in the region not experimentally available (0.0 

s s/A4 s 2.0). This rather broad RD curve is a result of many scattering interactions of 

approximately the same internuclear distance. Of the three discernable peaks only the 

middle one (at 2.13 A) pinpoints a single interatomic distance and corresponds to the SbC 

bond distance. 

Structure Analysis 

In the initial refinement process ten structural parameters were used to calculate the 

TMDSF geometry. These are items 1-10 in Table 5.1. The trial model was chosen to be 

of symmetry type C2, with the two five-membered rings planar and parallel. Four 

parameters were used to describe the relative positions of the atoms in a ring. The carbon 

atoms were positioned using an average and a difference CC bond length ((CC) and ACC) 

and a CCC angle (C2C3C4). The antimony atom coordinates were calculated from the 
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Figure 5.2. Radial distribution curves. The experimental curve was calculated from a 
composite of the two average experimental intensity curves which was multiplied by 
Zsb2/Ase and to which was then added the theoretical inner peak from the final 0 deg model 
for the unobserved region 0.0 s s/k1 s 2.0. The difference curve is experimental minus 
0 deg theoretical. 
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Table 5.1. TMDSF least-squares parameter results for a vapor-
phase rig structure and comparable values for the crystal calculated 
from the coordinates given in reference 44.' 

Parameters Vapor Crystal 
Distances 

1. (CC)	 1.426 (15) 1.418 

2. ACC	 0.084 (28) -0.027 

3. C2C6	 1.515 (18) 1.499 

4. (CH)	 1.131 (19) 

5. R	 2.544 (47) 2.881 

6. p	 1.557 (84) 1.625 

7.	 Fe Shift 0.512 (89) 1.079
 

Angles
 

8. C2C3C4	 125.4 (12) 116.9 

9. C3C2C6	 122.4 (44) 122.4 

10. (CCH)	 106.4 

11. 0	 12.2 (47) 

12. (I)	 -14.2 (59) 

13.	 ti 28.1 (40)
 

Calculated Angles
 

14. C2SbC5	 92.8 (21) 79.4 

15. SbC2C6	 124.0 (29) 124.1 

17. SbC2C3	 95.9 (24) 113.2 

18. Flap Angle	 21.6 (82) 14.5 

'Distances are in Angstroms and angles are in degrees. Definitions 
of the parameters can be found in the text, and Figure 5.2. 
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carbon parameters and a variable specifying the distance from the midpoint of the basal 

carbon bond to the Sb atom, R. A diagram illustrating some or the more obscure 

parameters is shown in Figure 5.3a. The coordinates of the methyl groups were obtained 

by means of an interatomic carbon-carbon distance (from the methyl carbon to the ring 

carbon to which it attaches), C2C6; the angle C3C2C6; an average CH distance (also used 

as the ring hydrogen bond distances), (CH); and an average CCH angle, (CCH). A 

parameter, p, defined as the perpendicular distance from the C2 axis to the midpoint of a 

basal carbon bond, C3C4 and C3C4,, specifies the inter-ring distance. The iron atom was 

located on the C2 axis between the rings. Its distance from p is the parameter "Fe Shift". 

After several refinements it became clear that more flexibility was required of the model. 

Accordingly three additional parameters were included: 0 gives the antimonies independent 

movement in and out of the C4 plane of the ring. This parameter was used for 

programming reasons, but it can easily be converted to the more interesting "Flap Angle" 

discussed in a later section); 40 allows the ring(s) to pivot up (down) around the basal CC 

bond; and ti rotates the methyl groups about the side CC bond above or below the C4 plane 

of the ring. In all, thirteen parameters were used to calculate the molecular geometry. 

Scattering interactions involving hydrogens greater than one angle away were excluded 

from the refinement process. With the C2,, symmetry restrictions there were 36 distinct 

distances. 

Results 

In the original least squares refinement procedure the geometry was constrained to 

a structure very similar to that obtained for a molecule in the crystal"'' (Figure 5.3b). In 
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Figure 5.3. Diagrams of TMDSF a) defining some parameters, and showing the final b) 
crystal and c) vapor phase structures. The C4 moieties in the crystal are planar and parallel, 
with the Sb atoms 14.5° out of plane away from the Fe atom. In the vapor the moieties are 
also planar, but tilted 14.2° towards each other, and the Sb atoms are 12.2° out of plane. 
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this structure the C4 parts are planer and parallel and the Fe atom is set midway between 

the two rings, but slightly toward the rear of the molecule (away from the Sb atoms). 

Results from the crystallographic measurements for bond distances and angles were 

averaged to be consistent with C2,, symmetry, but in an effort to mimic more faithfully the 

crystal structure the five member rings were permitted to bend along an imaginary line 

connecting atoms C2 -05 (parameter Flap Angle). The bending allows independent 

movement of the antimony atoms. In the crystal structure the antimony atoms are moved 

slightly out of the C4 planes. Although the general shapes of the theoretical molecular 

intensity and radial distribution curves were similar to their respective experimental curves, 

the fits obtained with this model were relatively poor. Modest improvement was gained 

by allowing the rings to tilt toward or away from one another using parameter 4). 

However, the most dramatic improvement occurred when the methyl groups were allowed 

to move out of the ring plane (parameter t). Figure 5.3 illustrates the differences between 

TMDSF molecules in crystalline and vapor environments. 

Attempts to refine the amplitudes were not very successful. Most had the tendency 

to become either very large (> 0.50 A) or small (< 0.03 A), and it therefore became 

necessary to hold many of them in value ranges comparable to the results obtained from 

other molecular studies of sandwich type molecules. Small changes were made to these 

values to produce a good theoretical fit to the composite experimental molecular intensity 

curve. Tables 5.1 - 5.3 present a complete listing of the parameters, distances, amplitudes, 

and correlation matrix resulting from the least squares refinement giving the most 

reasonable fit to the experimental data. Amplitudes in square brackets in Table 5.2 were not 

refined in the final cycles. Many of them became so unreasonably large that the fitting 
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Table 5.2. Results of least-squares refinements for TMDSF.' 

N Atoms r a r2 ra 1 Crystal 
1 CH 1.13 1.13 (2) 1.13 [0.07] 
2 C2C3 1.38 1.38(1) 1.38 [0.05] 1.41 
3 C3C4 1.47 1.47 (3) 1.47 [0.05] 1.43 
4 C2C6 1.52 1.52 (2) 1.51 [0.06] 1.49 
5 C3H11 2.23 2.23 (3) 2.22 [0.09] 
6 C2H10 2.15 2.15 (2) 2.15 [0.09] 
7 C2117 2.13 2.13 (2) 2.13 [0.09] 
8 C2C4 2.53 2.53 (3) 2.53 0.08 (8) 2.43 
9 C3C6 2.54 2.54 (5) 2.54 0.08 (8) 2.57 
10 SbC2 2.12 2.12(1) 2.12 0.06(6) 2.14 
11 SbC3 2.65 2.65 (4) 2.65 0.07 (7) 2.96 
12 SbC6 3.22 3.22 (3) 3.22 0.08 (8) 3.20 
13 FeC2 2.08 2.08 (6) 2.06 [0.22] 2.12 
14 FeC3 1.80 1.80 (7) 1.77 [0.22] 2.06 
15 FeC6 3.55 3.55 (6) 3.53 [0.22] 3.30 
16 SbFe 2.51 2.51(5) 2.49 0.19 (19) 2.57 
17 C3C12 3.88 3.88 (4) 3.88 0.09 (9) 3.78 
18 C2C5 3.07 3.07 (5) 3.07 0.08 (8) 2.71 
19 C2C12 4.50 4.50 (4) 4.50 0.12 (12) 4.20 
20 C6C12 5.85 5.85(7) 5.85 0.12 (12) 5.67 
21 SbSb' 2.94 2.94 (2) 2.93 0.12 (12) 3.68 
22 C2C2, 2.56 2.56 (18) 2.55 [0.15] 3.26 
23 C3C3, 3.11 3.11 (17) 3.11 [0.15] 3.22 
24 C6C6, 3.72 3.72 (29) 3.72 [0.15] 3.31 
25 C2C3, 3.14 3.14 (12) 3.14 [0.15] 3.47 
26 C3C4, 3.44 3.44 (15) 3.44 [0.15] 3.47 
27 SbC2, 3.47 3.47(8) 3.45 [0.21] 4.01 
28 C2C6, 3.44 3.44 (19) 3.42 [0.28] 3.60 
29 C2C4, 3.79 3.79 (10) 3.79 [0.15] 4.00 
30 C6C3, 4.25 4.25 (14) 4.24 [0.15] 4.05 
31 SbC3, 4.02 4.02 (7) 4.01 [0.17] 4.53 
32 SbC6 4.62 4.62 (11) 4.58 [0.44] 4.65 
33 C2C5' 4.00 4.00 (12) 3.99 [0.16] 4.25 
34 C2C12' 5.46 5.46 (12) 5.44 [0.35] 5.37 
35 C3C121 5.16 5.16 (11) 5.14 [0.30] 4.98 
36 C6C121 6.94 6.94 (12) 6.93 [0.19] 6.61 

Distances and amplitudes in AngstrOms. Crystal distances were calculated from 
coordinates in reference 44. Amplitudes in square brackets were not refined. 



Table 5.3. Correlation matrix and parameter uncertainties, x 100, for TMDSF. 

Parameter a rl r2 r3 r4 r5 r6 r7 4 40 41 '12 43 44 45 46 117 

1 (CC) 0.5 100 

2 ACC 1.0 60 100 

3 Me CC 0.6 -19 -54 100 

4 (CH) 0.7 7 -2 9 100 

5 R 1.7 -11 -6 17 8 100 

6 p 3.0 25 1> 17 -4 -11 100 

7 Fe Shift 3.1 -19 -10 12 4 73 -30 100 

8 C2C3C4 41 -27 -14 -25 -18 -71 -5 -42 100 

9 C3C2C6 154 -50 -12 -15 -7 10 -35 41 22 100 

10 0 168 15 -6 24 7 -41 39 -62 -14 -44 100 

11 (I) 207 -20 5 -25 -4 39 -64 61 12 46 -96 100 

12 ti 141 24 -1 20 -3 -6 35 -19 22 -42 -9 -4 100 

13 / C2C4 0.7 -3 1 8 8 -28 13 -35 11 -9 40 -38 4 100 

14 / ShC2 0.3 -7 1> 15 8 -12 4 -17 14 -2 6 -6 9 -2 100 

15 I SbFe 1.6 9 3 -14 -7 -83 2 -62 54 -27 32 -27 1> 3 19 100 

16 / C3C12 1.8 1> 1 2 1> 7 -18 12 10 -6 -28 30 24 -13 17 4 100 

17 I SbSb' 0.4 -22 -6 4 5 -13 -47 12 12 4 -8 21 -26 -16 37 28 26 100 



102 

program stopped. They were subsequently held at large but somewhat more reasonable 

estimated values. The goodness of fit value, R, for the final theoretical molecular intensity 

curve was 0.30. A plot of the theoretical intensity curve and its difference from the average 

curves are shown in Figure 5.1. 

One of the more interesting results from this study is the SbSb inter-nuclear 

distance, and appears in the RD curve as a bump at 2.94 (2) A (re). The distance is very 

much shorter than one would calculate for a van der Waals SbSb interaction (about 4.3 

A), and also very much shorter than the reported distance in the crystal of 3.682 (1) A." 

The distance is, however, very similar to the vapor phase SbSb bond distance of 

tetramethyldistibine at 2.818 (4) A." The similarity in interatomic distance in the two 

molecules implies the existence of an actual SbSb interring bond in TMDSF. This 

closeness coupled with a CSbC angle of 92.8 (21) degrees can be explained in terms of 

the antimony atoms using chiefly p orbitals to form bonds between one another and to the 

carbon atoms. 

Surprisingly, the rings were found to be slightly closer together in the vapor model 

than in the crystal by almost 0.07 A based on comparison of the p parameter (the distance 

between the basal carbon bonds) obtained from the vapor least squares refinements, and 

by calculation using the coordinates from reference 44 for the crystal. The decrease in the 

distance between rings seems to be offset by an increase in the internal ring angles. It 

appears that the longer, more narrow rings of the crystal have widened up in the vapor-

phase model allowing them to sit closer to the Fe atom. In fact the CSbC angle has 

increased in the vapor to 92.8 degrees, the approximate angle expected if p orbitals are 

used for bonding. The shortening, and tilting (-14.2 (59) degrees) of the rings, and their 
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closer proximity to each other, has the effect of pushing the iron atom quite a long way 

toward the rear of the molecule, so as to move it away from the antimony atoms. The 

crystal, on the other hand, with the more elongated ring, has the Fe atom more centered in 

the molecule, although in this case it is also shifted slightly towards the basal carbons. In 

the gas, the methyl groups are lifted upwards 28 degrees away from both the antimony and 

iron atoms, whereas in the crystal they are essentially in the plane of the rings. 

Attempts were made to fit a model of Ca symmetry in which the antimony atoms 

are anti to one another. A reasonable fit to the molecular intensity curves was obtained for 

the outer portion of this curve at s z 10 A, a region corresponding mainly to distances 

between atoms within each ring, and from each ring to the iron atom. However, the fit to 

the inner portion of the curve, the portion resulting from inter-ring scattering interactions, 

was however, quite poor. The SbSb internuclear distance was seen in the radial 

distribution curve as a very large peak at 5.9 A. Additional attempts with a model in which 

the rings are allowed to rotate freely relative to one another also met with little success. 
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CHAPTER VI
 

SUMMARY 

The problems addressed in this thesis have been aimed towards the structure 

determination of several different types of molecules. This chapter presents a brief 

summary of the results from the problems undertaken. 

WF6, ReF6, OsF6, IrF6, PtF6, 02+PtF6 

The goal of chapter II seemed straightforward, measurement of the PtF bond 

length in PtF6. However, due to the initial starting material (02+PtF6) and the unexpected 

results (a long PtF bond distance), this simple experiment expanded into a study of five 

transition-metal hexafluorides. The study of the five transition-metal hexafluorides of the 

sixth group has shown unequivocally that, contrary to expectation, the heretofore unknown 

bond length in PtF6 is significantly longer than in the other series members. Also, the 

precision of our experiments, greater than the previous ones, reveal that the Ir-F bond 

length is significantly longer than those of OsF, ReF, and WF, although still shorter 

than PtF. The explanation for this change for the last two series members is not 

completely understood. 

The effects of vibrational averaging (shrinkage) are similar for all the molecules. 

As expected, both the cis FF and the trans FF distances are measured shorter than is 

predicted from the bond length with the assumption of Oh symmetry for the molecule. 

Finally, the effects of multiple scattering improve the fits of the models to experiment, but 

have relatively little effect on the parameter values. 
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3-Aminoacrolein 

The problem of the predominant gas-phase conformers (CSC, TSC, TST, CST) of 

3-aminoacrolein was the subject of chapter Ell. Calculations and experimental evidence 

show the CSC conformer to be the most abundant in the vapor. Radial distribution 

difference curves (Figure 3.3) show that a model composed entirely of the CSC conformer 

provides a very good fit to the experimental data. The CSC structure should provide the 

better fit since each of the other conformers has at least one trans (or s-trans) bond 

producing distances not in evidence in the experimental curve. It could not be ruled out 

however, that some of the TSC conformer was present in the gas mixture and the final 

model refined to a mixture of 96% CSC and 4% TSC (the small amount of TSC is in good 

agreement with ab initio results) Even with these results a larger fraction of TSC cannot 

be completely ruled out because models in which the concentration of this conformer is 

held constant in amounts up to 20% do not significantly worsen the fit. 

3-Chloro-l-propanol 

The results of an investigation into the vapor composition of 3-chloro-1-propanol 

were discussed in chapter IV. As stated in the beginning of this chapter the work is 

preliminary to a larger study to examine and compare hydrogen bonding in the 3-chloro and 

3-fluoro compounds. The 3-chloro molecule was examined first because it was readily 

available. It was thought that rotation about internal bonds might allow significant amounts 

of either of the two hydrogen bonded forms to exist (gG-G, and gGG-) in the gas phase. 

The results of ab initio calculations suggested the amount of these two conformers should 

be very small. It was felt that the complicated nature of the vapor composition required a 
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model in which all possible conformers were included and these were grouped as either 

having or not having the ability to form hydrogen bonds. The experimental results and 

calculations support the conclusion that only a very small percentage (4%) of the vapor 

composition of 3-chloro-l-propanol can be attributed to the existence of the hydrogen 

bonded species gG-G and gGG-. 

2, 2', 5, 5'- Tetramethyl- 1,1'- distibaferrocene 

This structure study, already a difficult one for electron diffraction because of the 

complexity of the molecule itself, was also experimentally difficult because of the thermal 

instability of the sample. The latter is seen clearly in the changing shape of the long camera 

curves (Figure 5.1), a sign of the changing nature of the molecules in the scattering region. 

The last two of the plates made at this distance were used under the assumption that the 

first three could well have be contaminated by solvent used in the sample preparation. 

Another problem can be seen in the middle camera plates, where the data become very 

noisy over the range s > 25 E1': the poorer quality of the data for TMDSF means greater 

uncertainties for the parameter values. 

Assuming the data chosen for analysis are indeed the result of scattering from 

undecomposed TMDSF, and taking into account the low signal-to-noise ratio at higher s-

values, then the C2,, model of the structure of the vapor-phase molecule gives a good fit. 

The uncertainties associated with the parameter values are larger than are generally 

obtained, again due to the complexity of the structure and to the noisy character of the high 

angle data. There is in fact a range of variation in the parameters of the model shown in 

Table 5.1 and 5.2 which leads to essentially the same quality of fit. All the models in this 
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range of variation have C21, symmetry and depict molecules similar in shape to that of a 

molecule in the crystal, but differing from it in some important respects. The comparison 

in Table 5.1 where the vapor values are taken from one of the better models, is typical. 

Results for both environments indicate the molecule to have an eclipsed arrangement of the 

antimony atoms. However in the gas-phase molecule these atoms are close enough 

together (2.93 A) to suggest the formation of a weak inter-ring covalent SbSb bond 

(Pauling single-bond tetrahedral radius sum: 2.72 A), whereas in the crystal at a distance 

of 3.68 IV" they are too far away to be so described, although still considerably closer than 

the van der Waals radius sum (4.3 A). 
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APPENDIX A
 

MICRODENSITOMETER DATA ACQUISITION 

The microdensitometer data-acquisition program Tracein allows the use of either 

of two data-acquisition methods. In the "intermittent" method the photographic medium 

is translated in a "stepwise" fashion with stops at discrete intervals to collect data, while in 

the "continuous" method the photographic medium is translated withoutpauses and the 

data are collected continuously during predetermined intervals. A data point is the average 

of N voltage measurements taken during rotation of the photographic plate. 1479 

measurements are acquired in one revolution of the stage. 

New additions to data acquisition include an automatic pen shut-off to prevent over 

driving of the pen by its servo mechanism with consequent stretching of the wedge driving 

spring at excessively high densities, and the use of neutral density filters to transform the 

data from readings of voltage to optical density. 

Hardware Operation 

Densitometer Setup (Applicable to both methods.) 

1. Turn the densitometer power on and allow to warm up for 1/2 hour. 

2. After the initial warm-up period turn the lamp on and allow to equilibrate for about 10 

minutes. 

3. Turn the small potentiometer power supply on. 

4. Center a clean plate on the densitometer rotating stage. A small brush can be used to 

remove dust from the emulsion. 
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5. Focus the beam on the emulsion in such a way that both the image of the slit and the 

emulsion are seen to be sharp on the surface of the upper jaws. Current slit and jaw 

settings are 70 and 280 11111 on the micrometers. 

6. Adjust the jaws so the projection of the focused slit image is slightly smaller than the jaw 

widths. This reduces stray light and noise introduced by optical vibration. 

7. Choose a wedge which gives the largest voltage change across the potentiometer and 

at the same time allows measurements as near to the center of the plate (i.e., clear beam 

stop image) as possible. Selection of the first item in the main menu will display the 

voltage corresponding to light transmission through any point on the plate. The 

maximum voltage allowed is 9.9 volts. 

8. To load the program type Tracein on the command line followed by Enter/Return. 

Batch files are set up to load the file from the directory "C: \Edprog". In the event the 

batch files are deleted, the program "MSHERC.COM" must be loaded prior to the trace 

program if a monochrome monitor And a HERCULES graphics card are used. 

The MAIN MENU (Figure A.1) allows eight choices. They have been set up in the 

order in which they should be made. Item 1 in the figure is shown in a double box; the 

corresponding entry is the active one. Any of the boxed selections may be made either by 

clicking once with the mouse on its box, by hitting the tab key until the item has a double 

box around it and pressing enter, or by touching Alt-# where # is the highlighted number 

or letter. For the remainder of this discussion, selection of an item will be termed "clicking 

on". Explanation of the main menu items mentioned in the section below will be found in 

later sections. 

http:MSHERC.COM
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MAIN MENU
 

1.	 Check the Signal Voltage 

Check Intermittent Translation 
2a.
 

Check Continuous Translation
 
2b.
 

Collect the Data
 
3.
 

Neutral Density Filters
 
4.
 

Plot on Paper
 
5.
 

Retrieve a File
 
6.
 

Quit
 
7.
 

Figure A.1. Tracein.Bas Main Menu. The double box around item 1 signifies "focus" (ie 
the active box). 
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To Prepare for and Execute a Scan 

1.	 Turn on the stepper-motor power supply. Move the densitometer stage so that the 

beam passes through the clear center of the plate. Click on box 1 in the main menu. 

The voltage minimum should be about 1 volt. Carefully place a hand in the 

densitometer beam and when the carriage reaches the top of its travel, immediately 

switch the pen off. The maximum voltage should be between 9.0 and 9.8 volts as 

indicated in Figure A.2. 

2. Lower the specimen table nut to engage the screw. 

a) To execute an intermittent scan: On the translation side of the densitometer control 

panel, set the "RAMPED OSC speed adj." (a speed near maximum is desirable). At the 

computer, click on box 2a (main menu) to bring up a sub-menu (Figure A.3) from 

which the calibration of translation stepping is done. In normal operation one selects 

"Start Translation Check" followed by "Return to Main Menu". 

b) To execute a continuous scan: The translation rate must be such that at least one 

rotation is completed before each data-acquisition interval terminates; the time required 

for this interval depends on the translation rate of the stage. At the computer click on 

box 2b (main menu) to bring up a sub-menu (Figure A.4) which displays the 

translation/rotation ratio. On the translation side of the control panel, set the 

"RAMPED OSC speed adj." so the translation/rotation ratio is less than 0.8. When a 

correct ratio has been achieved, hitting nearly any key returns to the main menu. 

3.	 Set the "DIRECTION" toggle to "ccw". Run the table ("RAMPED OSC" on-off 

switch) until the right-hand microswitch closes to stop the translation. 

4.	 Turn the "RAMPED OSC" switch off and change the translation direction to cw. 
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Voltage Check
 

Make sure the potentiometer power supply is on.
 

1479 voltage readings are averaged.
 

The current voltage is 9.535
 

Make sure 9.0 V < Voltage Maximum < 9.8 V
 

Hit any key, or the left or right mouse button to quit.
 

Figure Al. The voltage check screen. This screen displays continuously updated voltage
 
readings of the potentiometer linked to the wedge carriage. 
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Check Intermittent Translation Step Size
 

The default step size is 800 . Tab to, or Click on,
 

the number to change the value.
 

The average step size for 10 steps is
 
940
 
The program has determined 660 steps
 
This takes into account motor run on
 

Start Translation Check Return to Main Menu
 

Start Rotation Check
 

(a)
 

Check Intermittent Translation Step size
 

The default step size is 800 . Tab to, or Click on,
 

the number to change the value.
 

The motor is traveling the correct distance
 
The step size is 800 and the actual
 
distance traveled is 799 steps
 

Start Translation Check
 Return to Main Menu
 

Start Rotation Check
 

(b)
 

Figure A.3. Display of the check intermittent translation step size sub-menu. Message (a) 
appears the first time the translation step size is checked after loading the program or 
changing to a new step size, (b) appears on subsequent checks. 
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Continuous Translation Timing Check
 

The pulse rates of the two stepper motors are being
 
displayed below. So are the resulting rates of Table
 
Rotations and Translating Screw Rotations. The voltage
 
from the densitometer readout is also displayed.
 

Rotation Translation Voltage
 

Counts/sec Revolutions/sec Counts/sec Screw Rev/sec
 
1567 1.06 722 0.90 5.052
 

For Revolutions = 1
 

The Translation/Rotation must be < 0.80 it is
 
currently 0.8521
 

Hit R to change revolutions any other key to quit.
 

Figure A.4. Display of the continuous translation timing check sub-menu. 
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5. Click on box 3 (main menu) to get Figure A.5. If the defaults are acceptable, click on 

"Collect Data" (sub-menu) and data collection will begin. The scan method is chosen 

in this sub-menu. Upon completion the user will be prompted to save the data and give 

them a file name. 

6.	 Click on box 4 (main menu) and Figure A.6 will appear with the boxes under "Voltage" 

and "Filter #" empty. Following the directions to the right of each box will give results 

similar to those in the figure. 

7.	 Click on "Calculate densities" to get Figure A.7. The file name in the box will be the 

same as that for the scan with the extension changed to "Ma". A different file name 

may be given at this time. 

8. To plot the trace make sure the plotter is on, has pen and paper, and click on box 5. 

If the defaults are acceptable, click on "Plot" to begin. 

9.	 If more traces are desired repeat steps 3-8. If not, clicking on box 7 will exit the 

program. 

Neutral Density filters 

1. Move the stage so that the beam passes through the unexposed center of the plate; 

record V,,. 

2.	 Carefully move the wedge (eg., a hand in the beam plus pen on-off switch) so that its 

translation is topped out at the highest density. Record 

3. With the plate placed as in 1., insert a neutral filter of known density chosen to yield a 

voltage toward the top or bottom of the range used in the plate tracing. This is Vi. 
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Trace Menu
 

Check the maximum voltage. Voltage
 

Change the pen off fraction. 0.95 Pen off voltage: 8.8085
 

Translation steps per point. 800 Data Point Total: 915
 

Table Rotation. ON Rotation Steps: 1479
 

Table rotations per data point. Scan Method: INT
 

Make sure the rotation and translation switches are
 
properly set, the pen is on, and the table has been backed
 
up to the
 
microswitch.
 

Collect data.
 Return to main menu
 
(a)
 

Trace Menu
 

Check the maximum voltage. Voltage
 Make sure the small
 
power supply is on.
 
Move the pen to the


Change the pen off fraction. 0.95
 voltage maximum and
 
turn it off. Start
 
begins. Turn the


Translation steps per point. 800
 pen back on.
 

Table Rotation. ON 9.1735
 

Old Voltage New Voltage
 

Table rotations per data point. Start Save End
 

Make sure the rotation and translation switches are
 
properly set, the pen is on, and the table has been backed
 
up to the microswitch.
 

Collect data. Return to main menu
 
J
 

(b)
 

Figure A.5. a) Data collection sub-menu with default values and with b) The "Voltage" 
choice enabled which allows the user to change the default voltage maximum setting. 
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Neutral Density Filters
 

Min Voltage
 

Max Voltage
 

Filter I
 

First Filter 1
 

Second Filter 2
 

Wedge Number .79
 

Voltage
 

1.3947
 

9.1634
 

2.8638
 

4.7296
 

Place the plate so the beam
 
goes through the unexposed
 
center.
 

Carefully move the wedge so
 
the translation is at the
 
highest density and turn
 
the pen off.
 

Insert a NDF of small
 
optical density. Make sure
 
the pen is on and the beam
 
passes through the plate
 
center.
 

Insert a NDF of large
 
optical density. Make sure
 
the pen is on and the beam
 
passes through the plate
 
center.
 

ON Grey Wedge Corrections OFF Recalc.
 

Calculate densities Return to main menu
 

Figure A.6. Neutral density filters sub-menu showing typical voltages for the minimum, 
maximum, and filters 1 and 2. 
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V1 = 2.8639
 
O.D. 1 = .36
 
V2 = 4.7297
 
O.D. 2 = .68
 
Vmin = 1.3948
 
Dmin = .108
 
Vmax = 9.1635
 
Dmax = 1.4404
 
Delta D = 1.3324
 

Data will be saved to file
 

NEEDNAME.XXX
 

Save
 Return to main menu
 

Figure A.7. The display showing the results of the density calculation. 
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Plot the Data
 

Make sure the plotter is on and loaded with paper.
 
If the program hangs up turn the plotter off and on.
 

A PLOTTER OK message will appear when the plotter is ready.
 

PLOTTER OK
 

First point 1.3492
 

Offset 0
 

Total 1.3492
 

Background plot = OFF
 

PLOT Return to main menu
 

(a)
 

The Plotter in not working.
 
Make sure it's on and the error light is off.
 
If the error light is on, turn the Plotter on and
 
off until it goes out.
 

Hit any key to continue
 

(b)
 

Figure A.B. a) The "Plot the data" sub-menu and b) Plotter error message. 



124 

4. Repeat with a denser (or lighter) neutral filter to obtain In some cases the 

second filter might be inserted with the first in place. 

Program Main Menu and Sub-Menu Options 

Check the Signal Voltage 

This item displays the voltage sensed by the potentiometer linked to the wedge 

carriage of the densitometer. It is useful whenever the pen voltage is wanted; for example, 

one could drive the densitometer pen to the top, turn the pen off at the densitometer, and 

obtain a voltage reading for this pen position. Figure A.2 is an example of the display 

obtained from selection of item 1. 

Check Intermittent Translation 

Selection brings up a sub-menu that allows calibration of the data-point spacing (the 

number of steps the translation stepper-motor takes between data collections) to account 

for stepper-motor run-on at the end of each translation interval. Any time the program has 

just been loaded into memory, item 2 must be selected before options under item 3 are 

slected in order to achieve accurate data-point spacings. 

As can be seen from Figures A.3a and A.3b, there are three selections and one 

statement box. The default spacing between data points can be changed only in this sub

menu. The statement box displays either of two messages. The first message appears after 

the first check of a data-point spacing (Figure A.3a) and informs the user the number of 

motor steps needed to give the chosen data-point spacing. The second message (Figure 

A.3b) informs of the selected spacing and the actual spacing. The results contained in both 

messages are used in the program internally and are purely informational. 
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Check Continuous Translation 

Because of the continuous translation, the speed of both the translation and rotation 

motors must be known so all the data points corresponding to one or an integral multiple 

of a rotations can be sampled and averaged in a translation interval. Selection of this option 

displays the voltage currently sensed by the potentiometer linked to the wedge carriage, and 

the counts per second of both translation and rotation stepper motors (Figure A.4). For 

accurate sampling during a trace, the translation/rotation ratio must be below 0.9, but a 

ratio below 0.8 seems to work best. For best results set the rotation to about 1 per second 

using (panel rack) the rotation "RAMPED OSC speed adj." and then set the translation 

such that the ratio is close to 0.8. 

Collect the Data 

Selection brings up a sub-menu (Figure A.5) with a number of options and 

changeable default settings. 

Check the Maximum Voltage. Clicking on "Voltage" changes the screen to that 

shown in Figure A.5b. The only selectable items at this point are "Start", "Save" and 

"End". "Start" displays the old and new voltages. The old voltage is used to determine 

where the pen shuts off The old (default) value can be changed at this time and saved as 

the new default, or clicking on "End" will exit without saving. "End" must be clicked on 

to escape from this option and return the screen to the previous display. 

Change the pen off fraction. The pen off fraction is the operating portion of the 

default voltage in which the pen works. Usually the default value of 0.95 works best. The 

pen will not shut off if this fraction is set larger than 1. 
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Translation steps per point. The value may not be changed in this menu when the 

intermittent trace method is used. This is to remind the user to check the stepper-motor 

run-on caused by starting and stopping the translation. Since this requirement is not 

necessary for the continuous method, the step size is changed here. 

Table rotation. The box is a toggle which allows a trace with no rotation. Simply 

setting table rotations per data point to 0 will not give the same result. 

Table rotations per data point. The number of rotations can be increased to give 

a better signal-to-noise ratio--useful for molecules that give data with low ratios of signal 

to background. The default total number of data points is set to trace 8 x 10 inch plates. 

Scan method. A command to toggle between trace methods. 

Collect data. Initiates a trace. The program controls the status of the stepper 

motors. If the stepper motor power supply is not on the program will quit to the main 

menu after a short delay. When data collection is underway, the screen provides a real-time 

monitoring trace. Information shown under the trace box includes the number of the 

current data point, its voltage, the translation motor steps per data-point spacing, and the 

time remaining for completion of the trace. Hitting a key during a trace will interrupt the 

process. The intermittent method gives the user the opportunity to abort or resume tracing. 

A pause during a continuous trace causes the program to lose track of the table position 

thus the option to resume is not available with this method. At the end of the scan the user 

is prompted to save the data and give a file name in which to save them. 
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Read Neutral Density Filters 

Use of neutral density filters as a method for determining optical density of the plate 

is discussed in appendix III. Selection of this item from the main menu brings up the sub

menu displayed in Figure A.6. 

Required are a maximum and minimum voltage without filters and voltages using 

two filters. The filter numbers entered are used to identify (extract) the optical densities 

of the respective filters. Clicking on "Calculate densities" gives Figure A.7. The default 

file to save this data is the one used for the trace with the extension changed to ".XXX". 

If a trace has not been saved with a selected filename, the program gives the default name 

"NEEDNAME.XXX ". If "Calculate densities" box (Figure A.6) has been clicked on before 

the voltages have been taken, an error message will appear in place of a file name (Figure 

A.7) and the main menu will return. 

Plot the Data 

Selection leads to a hard-copy plot. If this item is chosen and the plotter is turned 

of an error message and some instructions will appear on the screen (Figure A.8b). The 

plotter must then be turned on and off until the error light on the plotter disappears. If one 

clicks on "Continue" before this, the plotter will need to be turned on and off several more 

times to remove the error. If this does not work, pressing the F2 key will exit the program. 

The file can then be retrieved using main menu item 6 and plotting can be reselected with 

the plotter on. 

Changeable options (Figure A.8a) for plotting are the offset and the background 

plot (an on/off toggle). The user is returned to the main menu after plotting. 
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Retrieve a File for Plotting 

Item 6 of the main menu allows retrieval of old traces for plotting. A file name (and 

a path if other than the default) is required. 

Quit 

Item 7 is one method of quitting the program. Due to the nature of the Visual 

Basic language, menus cannot be exited using the conventional Ctrl-C or Ctrl-Break. To 

get around this problem several items in each sub-menu have been designated as a means 

of escape. Clicking on any option other than commands (e.g. "Return to main menu") or 

toggles (e.g.. "Table rotation") and then pressing F2 will exit the program. When in a 

graphics mode (plot of data collection, or file retrieval), the program can be exited using 

the F 1 key, or Ctrl-C, or Break. Breaking out of the program in this fashion leaves a screen 

with blinking pixels. An additional keystroke is required to get the DOS prompt. Fl can 

also be used in the Voltage option of the main menu. 
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APPENDIX B
 

MICRODENSITOMETER STEPPER-MOTOR WIRING
 
AND TIMING
 

The Scientific Solutions Lab Master DMA board handles the parallel input/output, 

timing/counting, and analog-to-digital functions of our microdensitometer data-acquisition 

system. This is accomplished using an 8255 Digital input/output (DIO), an Am9513A 

System Timing Controller (TC), and an Analog-to-Digital converter (A to D). The board 

is configured for use with either an "intermittent" or "continuous" data acquisition method. 

The DIO chip has 24 input/output lines arranged into three 8-bit ports labeled A, 

B, and C. These ports are used to control operation of the five 9513A general purpose 16

bit counters. For this discussion, suffice it to say there are three parts to each counter: 1) 

Source inputs are locations where signals (stepper-motor pulses) are counted. 2) Gates 

govern counting periods of individual counters. 3) Out is a signal line which changes state 

(High to Low or vice versa) once counting has been completed. All five timer/counters 

available on the Lab Master board are used, with the intermittent method utilizing counters 

5, 3 and 4 (counters 5 and 3 manage translation and counter 4 rotation) and the continuous 

method using counters 1 and 2 (counter 1 regulates translation and 2 rotation). Only 

channel 0 of the A to D converter is used with this data-acqusition system. 

A complete discussion of the timer/counter can be found in book Am95 13A/9513 

System Timing Controller by Advanced Micro Devices. Additional information, along with 

programming examples and an explanation of both the DIO and A to D converters, are 

available in the Scientific Solutions Lab Master DMA handbook. Comments in the Tracein 
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program provide detailed descriptions of the code required for programming specific chip 

functions and supply references to explanations concerning general chip operations. 

Computer to Terminal Block Connections 

Convenient access to the DIO, TC , and A to D converters is available through the 

grey box attached via ribbon cables to the Lab Master mother board housed inside a 

personal computer, currently a DFI 386. Inside the grey box are two screw terminal blocks 

mounted on computer boards. The black 50 pin home-built (HB) terminal block allows 

access to the DIO chip, and the green Scientific Solutions (SS) 40 position terminal block 

to the TC and channels 0 and 1 of the A to D converter. The diagram in Figure B.1 is a 

map of locations on the two terminal blocks connecting input and output between the two 

chips, and from the terminal blocks to the densitometer stepper-motor controller, pen relay, 

and servo voltage. 

The SS terminal block is attached to the mother board via the 50 pin connector R. 

On connector J8, pins 37-44, 49, and 50 corresponding to frequency out (FOUT) at pin 37, 

± 5 V at pin 49, and ground, are not used. Of the pins which are used; SS positions 39 and 

40 monitor the A to D start and end of conversion, STC and EOC; even SS positions (10 

38) and the first four odd positions (1-7) are connected to ground; the remaining odd SS 

positions (9 - 17), (19 - 27), and (29 - 37), to counter-gates, -outputs, and -sources. The 

actual analog to digital conversion takes place inside the grey box, on the Lab Master 

daughter board. Converted digital voltages are also accessed on the SS terminal block, at 

locations (2,4) and (6,8), corresponding to A to D channels 0 and 1. 
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Figure B.1. Wiring diagram showing the AM9513 timer/counter and 8255A digital 1/0 
connections. 
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The BB terminal block is also attached to the Lab Master mother board by means 

of a 50 pin connector, J11 (DIO). J11 was used in place of J10 (a 26 pin connector) 

because the signal lines are seperated with ground wires which help prevent cross-talk. J11 

and DIO are actually separated by a series of 6 universal socket sites (USS). Usually these 

sites contain integrated circuit chips which can provide line driver and buffer capability. 

Currently Ports A and C are jumpered as "straight through", a configuration which allows 

them, using software, to easily be configured as input or output. Port B, USS 5 and 6, 

does contain 74LS00 buffer chips. This port is configured as TTL inverted (0 = High, 1= 

Low) and may function only as an output. A change to input requires rearrangment of the 

chip position in the socket sites as shown on pages 6-7 and 6-8 of the Lab Master 

handbook. 

Terminal Block Connections 

The DIO ports, available at the HB terminal block, are used to control the TC 

gates, monitor the counter/timer output status, or operate the densitometer pen on/off 

relay. The DIO is configured such that ports B and C serve as outputs (port A is not used). 

Port B bit 0 (HB 41) operates the pen on/off relay housed inside the densitometer. Port 

C regulates the counter gates and stage rotation. On this port, Bit 0 (11B 25) controls the 

gates of counters 5 (SS 19) and 1 (SS 25). Bit I (11B 27) controls the gate for counter 3 

(SS 23), and bit 2 (BB 29) acts for both data-acquisition methods as an on/off switch for 

the stepper-motor involved in rotating the densitometer stage. 

The sources for counters 5 (SS 29), 3 (SS 33), and 1 (SS 37) are pulses from the 

translation stepper-motor. Counters 4 (SS 31) and 2 (SS 35) use rotation stepper-motor 
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pulses which also serve to trigger the A to D STC. In both trace methods counter 5 Out 

acts as the translation stepper-motor on/off switch. Additionally, the continuous method 

uses counter 1 Out to operate the counter 2 gate. 

The data describing the intensity changes across an electron diffraction plate are 

obtained through the movement of the wedge drive train. Rotation of the gear at the top 

end of the drive train changes the position of the potentiometer slider. The voltage is 

digitized using the Lab Master A to D convertor configured for unipolar (0 - 10 V), 

differential inputs, and normal operation. Data are retrieved in binary format. 

Intermittent Method 

The nature of the intermittent data-acquisition method and the type of stepper-

motor controller available requires the use of three counters. Two for stage translation (5 

and 3) and and one for (4) for rotation. In the intermittent method the translation stepper-

motor is repeatedly ramped on and ramped off Data collection occurs during the motor-

off interval. The ramped mode reduces errors due to faulty step counting that would result 

with a sudden, fast stepper-motor start up. Step-counting errors will also occur if the 

motor does not come immediately to a complete stop after being turned off. These errors 

will lead to an incorrect calculation of the stage position during translation. Ramping gives 

a smooth transition from start to top speed and from top speed to stop. Figure B.2a, the 

timing diagram for this method, shows the translation and rotation duty cycle. 

The rotation stepper-motor is also used in the ramped mode. A minimal base speed 

is set and adjustment of the top speed is made using the 10 turn potentiometer on the 
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power supply labeled "Rotation Ramped Osc". Both rotation and translation are switched 

on by the computer program. 

Translation - Counters 5 and 3. Counter 5 is programmed to count down once 

and stop. It is counting the desired number of translation steps. Counter 3 is programmed 

to count up once and stop. It is counting the total number of steps taken by the translation 

stepper-motor. These are the desired steps plus the extra ones taken by the stepper-motor 

as it ramps to a complete stop. The gates for counters 5 and 3, bits 0 and 1, are located at 

HB terminal block positions 25 and 27. Counter 5 Out (SS 9) operates as the translation 

stepper motor on/off switch. As seen in Figure B.1, counter 3 Out is not used. 

The sequence to translate the stage x number of steps is; place x translation steps 

(step size) in the counter 5 load register, arm the counter, toggle the Out line high (starting 

the motor), count x steps, and toggle the Out line low (turning off both the motor and 

pulses to counter 5). An obvious problem, hinted at earlier, occurs because the translation 

stepper-motor controller is operated in the ramped mode. Another counter must be used 

to count the steps required by the motor to ramp to a complete stop. Counter 3 source (SS 

29) is used to count these extra steps (Ax). 

If the stage is really to stop after x steps, counter 5 must be turned off at x - Ax 

steps. This is the reason for requiring the use of the program sub-menu 2a every time the 

tracein program is started or the translation speed is changed (see appendix 1). An 

algorithm in this sub-menu programs counter 5 for the correct number of steps. 

This algorithm works as follows. Once counter 5 Out has been set high (turning on 

the translation stepper-motor) counting simultaneously begins in counters 5 and 3; after x 

stepper-motor steps, counter 5 finishes counting and its Out line toggles low turning off the 
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stepper-motor, counter 3 continues to count pulses during the ramping down period; after 

a small empirically determined delay counter 3 turns off and the total number of pulses is 

obtained from its hold register. The delay is used to make sure the motor has had time to 

stop completely. The difference (x - Ax) is the actual step number required by counter 5 

to turn the stepper motor off correctly. At the fastest stage translation speed and a step 

size of 800 translation steps, the overshoot (Ax) is about 120 steps. 

Rotation-counter 2. The rotation stepper-motor is turned on using port C bit 2. 

There is a short software check to assure rotation is at full speed before translation begins. 

Pulses from the rotation stepper motor are also used to begin an A to D conversion (SS 

39). The conversion rate with this system is about 10 us per data point and most rotation 

speeds are fine. Selection of the third item of the main menu of the Tracein program 

displays the rotation speed. 

Continuous Method 

In this scheme two counters are required: counter 2 (SS 35) collects rotation pulses 

and counter 1 (SS 37) translation pulses. Stage rotation is turned on with Port C bit 2. 

Translation commences once the Tracein program has established that rotation has reached 

full speed. A diagram of the counting scheme for this method is shown in Figure B.2b. 

The gate for counter 1 (SS 27) is Port C bit 0 (KB 25), also used with the 

intermittent method. Counter 1 is programmed to repetitively count x number of 

translation pulses and toggle its Out line high. Setting the Out line high turns on the gate 

of counter 2. Counter 1 continues counting translation pulses while counter 2 counts 

rotation pulses (also used to trigger the A to D STC). At least one revolution of the stage 
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top is required for each data point. When all the voltage measurements to be averaged 

(1479 per revolution) have been obtained, counter 2 stops counting and turns off. The 

tracein program checks the output lines of counter 1 and counter 2 to ascertain their state. 

If both are high, the program sets them low and rearms counter 2. When counter 1 

completes its counting it again toggles its output line high and counter 2 begins to 

accumulate rotation pulses. This cycle is repeated for the duration of a trace. If counter 

1 has finished prematurely it means the data acqusition cannot keep up with the translation. 

The translation speed must be slowed, and the trace restarted. Polling counter 1 guarantees 

that a full rotation occures before translation had moved the stage the preset number of 

steps. The ratio of counter 1 counts to counter 2 counts is used to set the speed of the two 

motors relative to each other. This assures all measurements can be made before the stage 

translate to the position of the next data point. In the tracein program main menu a 

subroutine (menu item 3) has been set up to determine the ratio. 

This subroutine examines the number of pulses acquired by counters 1 and 2 in one 

second. Counter 3 acts as a timer by providing a method of measuring one second. The 

number of pulses each counter receives in the counter 3 time period, and the ratio are 

continually updated to the screen. In its timer capacity, counter 3 is configured to count 

down, in binary (instead of BCD). A gate is used to prevent conflict with the other 

counting schemes. The source is the rising edge of a scaled internal oscillator of 1 kHz 

frequency. The computer program then compares the number of counts in counter 1 and 

counter 2 and provides the user with the information necessary to correctly adjust the speed 

of either stepper motor. 
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APPENDIX C
 

VOLTAGE TO OPTICAL DENSITY CONVERSION USING NEUTRAL
 
DENSITY FILTERS AS STANDARDS
 

The problem to be addressed is that of relating a measurement of the intensity of 

a light beam passing through an exposed photographic plate to the scattered electron 

intensity responsible for the plate exposure. Since the relationship between exposure and 

optical density ("blackness") is known by calibration, and since exposure and scattered 

electron intensity are proportional, the problem becomes one of establishing the connection 

between the measured intensity of the transmitted light beam and optical density of the 

plate at the point of measurement. Once known, the optical density affords, through the 

calibration data, calculation of the scattered electron intensity. 

Voltage and Optical Density Relationship 

The Joyce-Lobel microdensitometer, shown schematically in Figure C.1, is a 

double-beam light system, in which two beams from a single light source are switched 

alternately to a photomultiplier. One beam passes through the speciman and the other 

through an optical attenuator (Grey wedge), one of several substitutable glass rectangles 

characterized by monotonicaly increasing density in the long direction. If the two beams 

are of different intensity the photomultiplier creates a signal which when amplified causes 

a servo motor to move the Grey wedge so as to reduce the intensity difference to zero. 

Vital in this null balancing system: the position of the attenuator is indicative of the relative 

(not true) optical density of the photographic plate at the point of measurement. The 
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Figure C.1. Schematic of the microdensitometer data-acquisition system. 
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microdensitometer has been adapted with a direct mechanical linkage to a 10 turn precision 

potentiometer coupled to a 10 V power supply. This system interprets Grey wedge 

position as a voltage. The problem is to convert this voltage to optical density using 

neutral density filters. 

Figure C.2 shows relationship between voltages and densities. Light passing 

through the unexposed center of the photographic plate is taken to be "zero" density and 

the base from which D1 and D2 are positioned. The abscissa of the graph could be thought 

of as wedge translation and the ordinate as counts registered by the computer. The graph 

represents the slope of the grey wedge, AD/AV, which is its only known property. The 

range of density of the photographic plate being measured is brought into match with the 

range of the wedge through the use of a "comb", or zeroing wedge in the 

microdensitometer. 

It can be seen from the figure that knowledge of the slope or range allows one to 

easily calculate Di (the optical density at any wedge position i) from any The slope can 

be found from the ratio 

D D . D2 D1 
(C.1)AV V V V2 -V1 

with rearrangement giving the range of optical densities of the wedge as 

(D2 Di)(V. Vnin)ADD (C.2)V2 -V1 

Here D1 and D2 are the optical densities of neutral density filters 1 and 2, respectively, and 

V1 and V2 the corresponding voltage (or counts) for those filters. V". and V., are the 

voltages for no displacement of the wedge (the lightest end of the wedge) and maximum 
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Figure C.3. a) Schematic of the PTR Muni -Chrom spectrometer. b) Diagram of the grey 
wedge holder. 
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displacement of the wedge (the darkest end), and AV (their difference) the range of 

voltages for the wedge. The unknown quantities then are D., and D,;,om. These can easily 

be obtained using the ratio 

D -D1 D2 D1 
(C.3)V VI V2 V1 

with rearrangement giving 

D XV(D2 V1) 
1Dmax 

V2 
+ (C.4) 

Similarly, D can be obtained from 

D2 D D2 DI 
(C.5)

V2 Vmm V2 

and subsequently 

(D2 -D1XV2 Vinin)D. = D2 (C.6)
V2 Vit 

With D D in hand we can use the equation for a line to calculate a Di from any 

experimentally determined 

AD= (Vi o 
D1 

(C.7)VJ 
Here ODi has been added as a calibration correction for the wedge as a function of wedge 

displacement. The method for obtaining this correction is discussed below. 

The formulas given above allow calculation of all the desired quantities for use in 

the program DATRED. 

Grey Wedge and Neutral Density Filter Calibration 

In our effort to achieve "absolute" optical density determinations of photographic 

plate emulsions we decided to ascertain the non-linearity in the Grey wedge slopes. Four 
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Grey wedges are used in our laboratory with slopes of 0.39, 0.79, 1.6, and 2.4 OD 

respectively. Calibration measurements were made using a PTR Mini-Chrom spectrometer 

setup as shown Figure C.3. Since the light beam in the microdensitometer utilizes the full 

spectrum of a projector lamp, we tried to simulate this configuration in the spectrometer 

setup by setting the monochromator grating to order 0. The monochromator was fitted 

with fixed entrance and exit slits of 50 g x 4mm. An additional slit of the same size was 

placed at the sample compartment exit. A Sorensen adjustable power supply set at 4.2 V 

powered the lamp. 

The size of the Grey wedge prohibited placement inside the sample compartment. 

A special holder was built to hold the wedge placed approximately 1 cm in front of the 

sample compartment. Voltage assessments were made at 1 cm intervals along the length 

of the wedge. In addition 10 Shott Neutral Density filters were calibrated in the above 

manner to be used as references (D1 and D 2) in the equations previously described. 

Measurements on these filters were made while placed inside the sample compartment in 

front of the sample holder. 

The intensity measurement of an unhindered beam, I., allowed Grey wedge voltage 

to optical density conversion using the standard equation 

Io 
O.D. = log ( T) (C.8) 

The optical densities were least squares fit to polynomial, as were the residuals of the 

optical density fit. These equations allow for calculation of Di and 8Di for any point along 

the length of the wedge. Plots of voltage, optical density, and residuals as a function of 

wedge displacement are shown in Figure C.4. 
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Figure C.4. Plots of voltage, optical density, and optical density residuals as a function of 
wedge displacement 




