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Derivatives of Scandium Borate Huntites with the formula RSc3(B03)4 where

R = Pr, Nd, Sm, Eu, or Lal.XGdX were synthesized and characterized by single

crystal X-ray methods. Temperature-dependent luminescence/excitation

spectra and excited-state decay times, absorption spectra, efficiencies of

optical second-harmonic generation (SHG), and infrared spectra were

recorded. All crystals formed in the noncentrosymmetric space group R32.

Electronic spectra revealed typical f-f transitions of the respective rare earth ion

weakly perturbed by the local crystal field. Microcrystalline powders exhibited

SHG efficiencies approximately two times that of Potassium di-hydrogen

phosphate (KDP) for conversion of 1064 nm pulsed laser radiation. Infrared

spectra unveiled energetic positions of characteristic B03 vibrational modes.

The optical properties of NdSc3(BO3)4 were studied in detail; absorption and

emission cross-sections were calculated and an energy level diagram for the

crystal field split, metastable 4F312 and terminal 4111,2 and 419,2 levels was derived.

Two noncentrosymmetric complex salts of L-alanine, KZn(C3H7NO2)C13

and KPt(C3H6NO2)C12, were designed and synthesized for use as even order
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optical frequency converters. The salts were characterized by single-crystal

X-ray methods, SHG conversion efficiencies, and infrared absorption

measurements. KZn(C3H7N102)C13 crystallized in the space group P21. The

solution revealed a distorted tetrahedral complex ion of a Zn atom coordinated

by three CI atoms and the deprotonated 0 atom of the unidentate L-alanine

ligand. The complex salt KPt(C3H6NO2)C12 forms in the noncentrosymmetric

space group Pcc2. The solution unveiled a Pt-centered rectangular complex

ion coordinated by two CI atoms and a bidentate L-alaninato ligand

coordinating through the amine and deprotonated 0 atom of the carboxyl

group. The SHG conversion efficiency of KZn(C3H7NO2)C13for 1064 nm pulsed

laser radiation was equivalent to KDP, whereas KPt(C3H6NO2)C12 produced

a signal one-fifth that of KDP. Infrared spectra revealed typical vibrations of

the alanine moieties acting as mono and bidentate ligands in KTh(C3H7NO2)C1

and KPt(C3H6NO2)C12, respectively.
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Synthetic, Structural, and Spectroscopic Investigations of

New Acentric Laser Hosts and Ionic Optical Converters

Chapter 1

Introduction

These investigations have been concerned with the design, study, and

development of new optical materials for use as solid state lasers and optical

harmonic generators. Research and development of new solid state optical

materials has pioneered breakthroughs affording new discoveries and

processes in fundamental science, industry, communications, defense, and a

multitude of noninvasive procedures in medicine. It is an essential technology.

This work has encompassed crystal-chemical design, synthesis, and the

elucidation of crystalline, electronic, and vibrational structures of new optical

materials. Underlying these investigations is an individual premise concerned

with gaining an understanding of the interrelationships existing between

molecular interactions and the developmental processes of synthetic design

and execution to produce materials with pre-determined properties.

In this study I have chosen two chemical systems to work within. One is

based on a robust combination of scandium, rare earth, and boron oxides,

and the other is comprised of the stereospecific amino acid L-alanine, KCI, and

M" chlorides.
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Scandium Borate Huntites

The first study centers about a versatile family of borate-based materials

isostructural to the mineral Huntite [1] (space group R32) that is represented

by the formula RM3(B03)4. The boundaries of the structure field, to date,

encompass several members composed of various mixtures of R and M where

R = selected rare earth metals and M = Al or Cr [1], Fe [2], Ga [3], and Sc

[4]. Crystals within these boundaries form in the noncentrosymmetric space

group R32 or a monoclinic variant. Interest in these borate huntites has

stemmed from the inherent ability of the crystal Nd3+:YAI3(B03)4 to serve as a

bifunctional host producing laser emission from both the 4F312->411312 and

4F312 411 transitions of Nd3+, and the laser crystal itself to convert these

fundamental wavelengths into their second harmonics [5]. This distinction is

shared by only one other reported material. A crystal of LiNbO3 demonstrated

this phenomenon by internally converting the fundamental 3H4-0H6 laser

transition of Tm3+ (1853 nm) to its second harmonic (926.6 nm) [6]. In a later

study a crystal of Nd:LiNbO3 internally converted the 4F312->411112 laser transition

of Nd3+ into green light [7]. The unique properties of the borate-huntite derive

from its acentric structure and crystallographically isolated noncentrosymmetric

R site, affording even order frequency conversion and large electronic cross

sections, respectively. These compounds can exhibit a wide range of

transparency (160 - 6000 nm) as dictated by the electronic energy levels of the

rare earth and metal atoms. Like other borate materials they posses high
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optical conversion efficiencies and damage thresholds [8]. Small single

crystals of good optical quality can be grown from a variety of fluxes. The

substitutional flexibility on both the R and M sites affords an enormous matrix

from which one can initiate and conduct a multitude of synthetic, structural,

and spectroscopic studies at fundamental and developmental tiers.

In view of the lack of crystal and electronic structural data available for the

Sc derivatives of the borate huntites, and to complement the ongoing studies

of optical borate materials in this laboratory, I have elected to synthesize and

study new members of the huntite family incorporating Sc as the pivotal M

atom. The synthetic and structural background accompanied by preliminary

spectroscopic investigations was put forth by Professor D. A. Keszler and H.

X. Sun in 1985 producing the material NdSc3(1303)4, and has initiated the

studies presented in Chapters 2 and 3 of this dissertation. In this regard, I

have extended the crystal chemistry for the family RSc3(803)4 to include those

new members where R = Pr, Nd, Sm, Eu and disordered solid solution series

of Nd.Eul, Lal.,Ndx, and the visibly transparent series Lal.,Gdx and Lal.,Yx.

The development of the solid-solution series was a most favorable result. Prior

to this study no transparent (160 - 1000 nm) scandium borate huntites were

known to form within the integrity of the favorable R32 structure. As a result,

spectroscopic investigations were limited to the stoichiometric members where

R = Pr, Nd, Sm, and Eu. Development of these solid-solution series forms a

foundation from which a multitude of substitutional and spectroscopic studies



4

can be initiated, affording optimization of desired optical parameters. I

anticipate that a congruently melting species will be obtained within the Lai_

YSc3(B03)4 series as has been realized in SreYSc(B03)3.

In Chapter 2 the crystal chemistry and optical properties for these new

members are presented. Prompted by the current interest in stoichiometric

Nd3+ lasers and frequency converters I have conducted a somewhat extensive

optical study on NdSc3(B03)4 and present my findings in Chapter 3.

Ionic Materials

An avenue of study offered in this laboratory is concerned with the

development of new nonlinear optical materials. Crystals to be used for even

order optical harmonic generators or optical parametric oscillators must form

in acentric structures to ensure a positive summation or difference of

frequency components from lasers. Unfortunately, most solid state procedures

afford diminishing predictive capabilities from which the synthetic chemist can

draw on to predetermine the (a)centricity of crystallized products. The

predominate approach used is that of derivitization of known acentric

structures (e. g., methodology for the huntite series). To circumvent these

limitations we have initiated studies incorporating the chiral amino acid L-

Alanine as a ligand bound to metal atoms. Crystalline products are formed in

acentric space groups by using single enantiomers of stereospecific starting

materials. To produce ionic complexes of L-Alanine arranging in three

dimensional acentric structures I have chosen Zn" (3d10) and Pt" (5d8) as



central binding metals in the formation of complex [K411(L-ala)]"- ions that are

counterbalanced with ions of K (based on qualitative aspects of hard-soft acid-

base theory [9], and my previous work with these two metals [10]). Two new

materials with formulae 1.2n(C3H7NO2)C13 and KPt(C3H302NH2)C12 crystallize in

the noncentrosymmetric space groups P21 and Pcc2, respectively. The

synthetic, structural, and optical properties of these materials are presented

in Chapters 4 and 5.

Optical instrumentation

During the initial stages of the optical studies, it became necessary for our

group to design and assemble a modular spectrometer capable of providing

temperature-dependent luminescence, excitation, and absorption data.

Representations of those configurations used most often and related

experimental procedures appear in Appendices A and B. As studies

progressed, quantification of excited-state decay times and efficiencies of

second harmonic generation became necessary. The spectrometer

configurations employed for the measurements and related experimental

procedures are assembled in Appendices C and D.
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Abstract

We have grown single crystals of RSc3(B03)4 (A = Pr, Nd, Sm, Eu), and

their structures have been determined by single-crystal X-ray methods. The

crystals form in the noncentrosymmetric space group R32 in cells with Z = 3

and the following parameters: PrSc3(B03)4 a = 9.784(1), c =7.940(1) A, V =

658.2(2) A3; NdSc3(B03)4 a = 9.784(2), c = 7.9540(8) A, V = 695.5(2) A3,

SmSc3(B03)4 a = 9.7450(8), c = 7.904(1) A, V = 650.0(2) k, EuSc3(B03)4 a

= 9.7533(8), c = 7.911(2) A, V = 651.7(2) A3. The structure is comprised of

layered planar B03 groups segregated by a framework of distorted Sc06

octahedra interwoven with Nd06 trigonal prisms. Cell volumes for the solid

solution series Lal,Gd.Sc3(B03)4 with 0.3 5 x 5 0.7 decreased linearly with

end values V = 659.0(2) and 651.1(2) A. Luminescence spectra were

recorded, (300 - 77 K) revealing f-f transitions of the respective rare earth ions

that were perturbed by the crystal field. Infrared spectra from 400 - 1400 cm-1

displayed characteristic vibrations of distinct B03 groups with D3 and C2

symmetries.
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Introduction

We are conducting synthetic, structural, and optical studies of new borates

having the formula RSc3(B03)4 (R = selected rare-earth elements). The

structure field to date comprises those members with R = La, Pr, Nd, Sm, Eu,

and Gd. The materials are new members of a family of compounds having the

formula RM3(B03)4 (M = Al, Cr [1], Ga [2], Fe [3,4]), that are

isostructural with the carbonate mineral Huntite, CaMg3(B03)4, (space group

R32) [5]. Single crystal structures have been described for the

rhombohedral phases of NdA13(B03)4 [6], NdGa3(B03)4 [7,8], and

NdSc3(B03)4 [9], the two monoclinic phases NdA13(B03)4, [10-12] and the

monoclinic phase LaSc3(B03)4 [9].

The structural and related optical properties of these Sc analogs are of

particular interest because of their high thermal stability which is likely to afford

optical crystals larger and more robust than those of the Al and Ga analogs.

Borate huntites crystallizing with the R32 structure yield second harmonic

generation efficiencies ca. 2 x KDP (KH2P042H20). The Al analogs have

operated as stoichiometric or impurity Nd3+ ion laser hosts with minimal

concentration quenching (distances between the R atoms is greater than 5.9

A) . The noncentrosymmetric R site affords a high emission cross section ore

= 8 x 10 -19 cm2 [6],[13]. Ncl),Y1.A13(B03)4 is a demonstrated self-frequency

doubling laser [14]. The structure type offers flexibility for ion substitution on

R or M sites with formation of solid solutions of the types R,F1'1_,M3(B03)4 [6],
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RM3,M'(B03)4 [15], and F11-1-.M3.x(B03)4 [16]. Herein, we report single crystal

structures and optical data for PrSc3(B03)4, NdSc3(B03)4, SmSc3(B03)4,

EuSc3(B03)4 and the X-ray diffraction data on solid solution series LaxGdi.

.sd3(B03)4
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Experimental

Synthesis

Microcrystalline powders of the title compounds were prepared by heating

intimate mixtures of stoichiometric quantities of Sc203 (Boulder Scientific,

99.99%) and 8203 (Johnson-Matthey, 99.98%) with the appropriate lanthanide

oxide La203 (Cerac, 99.99%), Pr6011 (Aesar, 99.9%), Nd(C204)310H20 (Alfa,

99.9%), Sm203 (Aldrich, 99.9%), Eu203 (Aldrich, 99.9%), or Gd203 (RE acton,

99.9%). Typically, samples were heated at 750°C for 6 h, 950°C for 12 h, and

1250°C for 12 h with intermittent grindings. Single phases were identified with

an automated Philips diffractometer. Unit cell volumes for the series Lai.

,GdSc3(B03)4 were determined from data obtained on the same

diffractometer. Peak positions were corrected by using Si (NIST Standard

Reference Material 640b) as an internal standard. Single-crystals were grown

in Pt crucibles with a LiBO2 solvent, 3:1 wt/wt LiB02/RSc3(B03)4. The melt was

maintained at 1000°C for 12 h and slowly cooled at 5 °C/h to 750°C and then

100°C/h to room temperature. Single crystals up to 1 mm in length were

liberated from the solvent with hot 3M HNO3(aq).

Luminescence

Temperature-dependent luminescence spectra and excitation data were

recorded with a computer controlled, right-angle luminescence/excitation

spectrometer (cf. Figure B1) Luminescence spectra for NdSc3(B03)4 were

obtained by utilizing lock-in techniques (Figure B4). Excitation was selected
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by dispersing the light from a 300 W Xe lamp through a 0.4 meter double-

prism monochromator (modified Cary Model 15) and then focused onto the

sample. Microcrystalline powders were affixed on a sample holder contained

within a quartz emission dewar. Luminescence was isolated with a 0.125 m

monochromator equipped with a single grating blazed at 500 nm (spectral

resolution ca. 7 cm-1) and subsequently detected with a Hamamatsu R636

photomultiplier tube. For NIR measurements a ruled grating blazed at 1000 nm

and a Hamamatsu R1767 dry ice cooled PMT were employed. The signal was

amplified with a Keith ley 602 picoammeter or an Ortec-Brookdeal 901e lock-in

amplifier. Spectrometer control and data acquisition were orchestrated by

programs written in this laboratory.

Excited State Decay Times

Pulsed excitation light was provided by a Molectron MY-34 Nd:YAG laser

with a 10 ns pulse width that was configured to operate at the 3rd harmonic

(355 nm), cf. Figure C1. Lifetimes for NdSc3(B03) 4 exc. = 589 nm were

obtained with a Nd:YAG laser operating at 532 nm that pumped a Quanta Ray

PDL-1 dye laser charged with the dye Kiton red. The optical path is

diagrammed in Figure C2. Pulse to pulse fluctuations of the YAG laser were

minimized by operating the laser oscillator and amplifier at high powers. To

avoid resultant nonlinear processes occurring in the sample, neutral density

filters were employed in the optical train of the incident light.
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Second Harmonic Generation

The efficiency of second harmonic generation (SHG) was measured on

powdered microcrystalline samples (100-200 mesh) by using the experimental

method of Kurtz and Perry [10] and a Q-switched Molectron MY-34

Nd:YAG laser operating at 1064 nm. The spectrometer and experimental

techniques are described in Appendix D and diagrammed in Figures D1 -D3.

Infrared Absorption

Infrared spectra were recorded on a Nicolet PCIR J5602 FTIR from

samples in KBr pellets. The spectral resolution was set at 4 cm-1 and 16 scans

of the background and sample were averaged.

X-ray Work

Single crystals of hexagonal morphology were mounted on glass fibers

with epoxy and analyzed on a Rigaku AFC6R diffractometer equipped with

graphite monochromated Mo Ka radiation. Cell parameters were obtained

from least-squares refinement of 14 - 19 automatically centered reflections

spanning the range 28.5 ,5 20 5_ 47.9°. On the basis of the Laue symmetry

3m1, systematic absences hkil: -h + k + I # 3n, and a successful refinement

of the data for each crystal the space group was determined to be R32. The

intensity of three reflections were regularly monitored and showed a maximum

deviation of 1.9%, indicating excellent electronic and crystal stability.
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Calculations were performed on a micro VAX II computer with programs

from the TEXSAN crystallographic software package [18]. The positions of the

R and Sc atoms were placed by analogy to NdSc3(B03)4 [9]. The 0 and B

atoms were located from subsequent analyses of difference electron density

maps. Each structure was refined to isotropic convergence, at which point a

secondary extinction coefficient was refined. The data were corrected for

absorption with the program DIFABS and averaged (with the exception of

EuSc3(B03)4) most of the atoms were refined with anisotropic displacement

factors and appropriate symmetry constraints. For SmSc3(B03)4 anisotropic

refinement afforded nonpositive-definite displacement parameters on all atoms

and the structure was simply refined isotropically. For NdSc3(B03)4, and

EuSc3(B03)4 these factors went non positive-definite for atoms 03 and B2, and

similarly for 03 in PrSc3(B03)4, and each of these positions was refined

isotropically. Final electron density maps revealed peaks of height < 1.4 %

of the respective rare earth atom. Crystal data and experimental conditions

are presented in Table 2.1. Final atomic positional parameters with equivalent

isotropic displacement coefficients are listed in Table 2.2. Interatomic

distances and angles are listed in Tables 2.3 and 2.4, respectively.



Table 2.1. Crystal Data and Experimental Conditions for Huntite-Type Scandium Borates RSc3(B03)4.
Parameter

Formula wt., amu
a, A

c, A
v, A3

Space group
Duk, g cm-3

F(000)

Z

Linear abs. coeff., cm'
p factor

N. unique data with F02 .?... 3a(F,,2)

RIM

R(F)

RW(F)

Error in observation of unit wt., e2

PrSc3(B03)4 NdSc3(B03)4 SMSC3(1303)4 EUSC3(B03)4

511.01 514.34 520.50 522.06
9.784(1) 9.784(2) 9.7450(8) 9.7533(8)
7.940(1) 7.9540(8) 7.904(1) 7.911(2)
658.2(2) 659.5(2) 650.0(2) 651.7(2)
R32 #155 R32 #155 R32#155 R32#155
3.867 3.885 3.989 3.990
714 717 723 726
3 3 3 3
77.40 81.26 90.35 94.55
0.09 0.09 0.07 0.07
654 1084 467 153
0.065 0.042 0.032 0.033
0.038 0.048 0.042 0.028
0.051 0.063 0.052 0.036
1.12 1.13 1.5 1.1



Table 2.2. Atomic Parameters of Huntite-Type Scandium Borates RSc3(B03)4.
PrSc3(B03)4 NdSc3(B03)4 SMSC3(B03)4 EUSC3(B03)4 Wyckoff, Symmetry

R Beq 0.52(1) 0.78(1) 0.002(8) 0.58(5) 3a(0,0,0), 32
Sc1 x 0.4529(2) 0.4535(2) 0.4544(3) 0.4542(4) 9d, 2

Y 0 0 0 0
z 0 0 0 0
Beq 0.56(5) 0.50(5) 0.22(3) 0.6(2)

01 x 0.1404(6) 0.1403(7) 0.141(1) 0.141(1) 9e, 2
Y 0 0 0 0
z 1/2 1/2 1/2 1/2
Beq 0.7(2) 0.9(2) 0.4(1) 0.8(6)

02 x 0.5440(6) 0.5432(8) 0.5410(8) 0.543(1) 18f, general
Y 0.8584(6) 0.8586(7) 0.8580(9) 0.859(1)
z 0.4846(5) 0.4856(7) 0.4862(8) 0.486(1)
Beq 0.9(1) 1.3(1) 0.66(8) 0.7(3)

03 x 0.410(1) 0.410(2) 0.409(3) 0.409(3) 9e, 2
Y 0 0 0 0
z 1/2 1/2 1/2 1/2
Beg 2.6(2) 2.7(2) 3.9(4) 3.9(4)

B1 Bag 0.6(2) 0.6(2) 0.0(2) 1.4(7) 3b (0,0,1/2), 32
B2 x 0.549(1) 0.546(1) 0.546(2) 0.544(2) 9e, 2

Y 0 0 0 0
z 1/2 1/2 1/2 1/2
Beq 0.78(9) 0.76(8) 1.0(2) 1.2(3)

rn



17

Results and Discussion

Structural

The unit cell is reproduced in Figure 2.1. The structure consists of layers

of planar B03 groups extending in the ab plane. They are connected by Sc

atoms occupying distorted octahedral sites and rare earth atoms centering

trigonal prismatic sites. Two types of triangular B03 groups are present. Atom

B1 is bound by three 01 atoms in a trigonal, planar environment of 03

symmetry, and atom B2 is bound by two 02 and one 03 atom in a planar

arrangement of C2 symmetry. The integrity of the structure derives from helical

pillars formed from Sc06 polyhedra. These octahedra condense on edges

formed by 01 and 03 atoms, and propagate along the c direction (cf. Figures

2.2 and 2.3). The verices of the Sc06 octahedra are occupied by two each of

atoms 01, 02, and 03. The rare earth atoms lie at the centers of trigonal

prisms of 02 atoms that are isolated by layered shells of B2 centered triangles

and Sc06 octahedra (cf. Figure 2.4). Each vertex of the trigonal prism is

shared by a B03 plane which shares additional vertices with Sc06 octahedra.

With this connectivity, a set of six Sc06 octahedra circumscribe each trigonal

prism in the ab plane. Each 0 atom has threefold coordination -atom 01 is

shared by B1 and two Sc atoms; 02 is coordinated byB2, Sc, and the R

atom; and 03 coordinates to two Sc atoms and the B2 atom.

Interatomic distances and angles are listed in Tables 2.3 and 2.4,

respectively; distances for the closest R - R interactions are appended to
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Table 2.3. The R - 02 distances decrease in the order Pr > Nd > Eu > Sm,

although statistically the distances are similar. The three different Sc - 0 and

B - 0 distances are equivalent for the series Pr - Eu. One effect of placing Sc

into the Huntite structure is seen in the magnitude of the R - 0 distances. For

example, the Nd - 0 distance in NdSc3(B03)4 is 2.442(6) A, in NdGa3(B03)4

this distance is 2.41(1) A [7], and in NdAI3(B03)4 it is 2.371(7) A [6]. In the

corresponding compounds the Sc - 0 distances range from 2.066(6) - 2.14(1)

A, the Ga - 0 distances vary from 1.93(1) - 2.01(1) A, and the Al - 0 values are

1.858(7) - 1.931(6). The size of the trigonal prismatic R site is largely

determined by these M - 0 distances in the three-dimensional framework

[M3(B03)4]3- As these distances increase in the series Al < Ga < Sc, so do

the sizes of the R sites. The B - 0 distances decrease in the order Al > Ga

> Sc; B - 0 distances range from 1.42(4) - 1.35(2) A for NdAl3(B03)4, 1.36(2)

1.35(3) A for NdGa3(B03)4, and 1.36(1) - 1.33(3) A for NdSc3(B03)4. In general

the distances decrease with incorporation of the more basic oxide A1203 <

Ga203 < Sc203.



Figure 2.1. Unit cell of RSc3(B03)4 where R = Pr, Nd, Sm, or Eu. Rare earth atoms are small shaded circles with
shaded bonds. Sc atoms are small open circles, open bonds. B atoms are smallest open circles, and 0 atoms
are largest shaded circles.

Co
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Figure 2.2. A single column of Sc-centered octahedra spiraling along the c-
axis.
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1

Figure 2.3. Sc-centered polyhedra viewed down [001].
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Figure 2.4. RO6 trigonal prisms isolated by layers of BO3 groups.
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Table 2.3. Atomic Distances for RSc3(B03)4.

Atoms PrSc3(B03)4 NdSc3(B03)4 SmSc3(B03)4 EuSc3(B03)4

R - 02 2.447(5) 2.442(6) 2.415(7) 2.430(9)

Sc - 01 2.115(4) 2.118(4) 2.107(5) 2.108(8)

Sc - 02 2.057(5) 2.066(6) 2.066(7) 2.058(9)

Sc - 03 2.135(9) 2.14(1) 2.13(2) 2.13(2)

B1 -01 1.374(6) 1.373(7) 1.369(9) 1.37(1)

B2 - 02 1.369(7) 1.373(8) 1.36(1) 1.38(1)

B3 - 03 1.36(2) 1.33(2) 1.33(3) 1.32(4)

Intraatomic Distances

R - R 6.2382(6) 6.2403(8) 6.2126(5) 6.2719(5)
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Table 2.4. Selected Interatomic angles for RSc3(B03)4.

Atoms
Angles

PrSC3(B03)4 NdSC3(B 03) 4 SMSC3(B 03)4 EUSC3(B 03)4

02 - R - 02 125.4(2) 125.7(3) 126.3(3) 125.8(4)

02 - R - 02 88.7(2) 88.7(2) 88.7(2) 88.8(3)

02 - R - 02 72.9(2) 72.8(3) 72.8(3) 72.6(4)

02 - R - 02 139.6(2) 139.2(3) 138.6(3) 138.9(4)

01 - Sc - 01 167.8(2) 167.5(2) 166.9(3) 167.0(5)

01 - Sc - 02 92.4(2) 92.6(2) 92.3(3) 92.6(4)

01 - Sc - 02 95.0(1) 95.4(2) 95.9(2) 95.6(3)

01 - Sc - 03 94.3(3) 94.3(5) 94.1(5) 94.3(5)

01 - Sc - 03 76.7(4) 76.1(5) 76.3(6) 76.1(7)

02 - Sc - 02 101.1(3) 101.5(3) 102.2(4) 101.7(5)

02 - Sc - 03 86.8(1) 86.6(2) 86.6(2) 86.8(2)

02 - Sc - 03 167.2(3) 1 67.1 (4) 166.4(5) 166.6(5)

03 - Sc - 03 87.33(8) 87.19(9) 86.8(1) 86.9(2)

01 - B1 - 01 120 120 120 120

02 - B2 - 02 123.6(8) 122.4(9) 124(1) 121(2)

02 - B2 - 03 118.2(4) 118.8(4) 118.1(6) 119.5(9)



Luminescence

PrSc3(B03)4
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Steady-state luminescence spectra recorded at T = 300 and 77 K in the

wavelength region from 600 - 750 nm with Aexc. = 340 nm (f.-*d band) are

reproduced in Figure 2.5. Luminescence from the microcrystalline powder was

weak, but easily detected with the instrumental resolution set at 7 cm-1. The

spectra are dominated by transitions originating from the 3P0 level that

terminate on crystal field split 3Fj levels and 3H multiplets of the ground term.

Cooling the sample resulted in narrowing of the peaks, but insufficient

resolution did not allow identification of the split terminal levels.

NdSc3(B03)4

The steady-state luminescence spectrum of NdSc3(B03)4 recorded at 300

K is illustrated in Figure 2.6. The spectrum reveals the crystal field split

4F312_4,41912 and F4 312.4'4 I 1112 transitions of Nd3+. The dominant peak in the

4F312-+411112 transition is located at 1061 nm. The lifetime of the 4F312 manifold at

300 K was determined to be 26 ps. A detailed spectroscopic investigation of

this material appears in Chapter 3.

SmSc3(B03)4

Steady-state luminescence spectra were recorded in the wavelength region

spanning 550 - 720 nm at temperatures of 300 and 77 K from microcrystalline

powders. The spectra, resulting from excitation centered at 400 nm, are

depicted in Figures 2.7, 2.8 a,b, and 2.9 a,b. Luminescence originated from
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Figure 2.5. Steady-state luminescence spectra for PrSc3(B03)4 at 300 and 77
K excitation into f-,c1 band (A,,. = 340 nm).
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Figure 2.6. Steady-state luminescence spectra of NdSca(B03)4 at 300 K in the
region of the 4F3,2-0612 and 4F3r2.-*4111,2 transitions, lex,. = 589 nm.
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crystal-field split levels of the 4G512 manifold terminating on levels of the 6FI

ground term. The most intense peak at 300 K arising from the 4G5/26F1512

transition occurs at 564.4 nm (17718 cm-1) and that of the 4G512 -'6H712 transition

appears at 600.0 nm (16667 cm-1). Peaks for the 4G512-'6H912 and 4G512->6H1112

are located at 654.0 nm (15291cm-1) and 705.2 nm (14180 cm-1), respectively.

Cooling to 77 K results in enhanced structure, a loss of intensity on the high

energy side for each group of dominate transitions, and a shifting of their

energetic positions in an indistinct manner. Dynamic features of the 4G512-06FI

transitions are best appreciated by viewing Figures 2.8 a,b and 2.9 a,b.

The degeneracy of each half-integer J value will be lifted by the D3 crystal

field resulting in J + 1/2 doubly degenerate levels (Kramers doublets). The

metastable 4G512 manifold is split into three levels. The terminal 61-1., multiplets

where J = 5/2, 7/2, 9/2, and 11/2 will be split into 3, 4, 5, and 6 levels,

respectively. In this manner, a total of 9 peaks are expected for the 4G512->6F1512

transition and 12 peaks for the 4G512-0H712 transition. The 4G512-0F1912 and

4G512 -'6H1112 transitions should produce 15 and 18, peaks respectively.

Referring to Figure 2.8a, the spectra of the 4G5,2-0H5,2 transition clearly reveals

only 3 of the expected 9 peaks. Transitions to the 4H712 manifold, Figure 2.8b,

afford only 5 peaks of the required 12. The 4G512- '6H912 and 4G512 -'6H1112

transitions reproduced in Figures 2.9a and 2.9b, disclose only 5 peaks each,

concealing 10 and 13 of the required 15 and 18 peaks, respectively.

Apparently, the 6H multiplets are not appreciably split by the D3 crystal field,
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and are masked within the temperature range studied by our instrumental

resolution of ca. 7 cm-1. The excited state decay curve of the 4G512 manifold,

measured at 300 K and monitored at 600 nm, was fit by a single exponential

model and produced a value of 15 ps (cf. Figure 2.10).

EuSc3(B03)4

Several small rod-shaped crystals of EuSc3(B03)4 (V < 0.005 mm3) having

hexagonal morphologies in cross section and high optical quality were

selected for spectral analysis and randomly affixed to the sample holder.

Luminescence and excitation spectra recorded at 77 K appear in Figures 2.11

and 2.12. Excitation spectra were recorded by monitoring luminescence of the

5D0-.7F1 transition at 592 nm. Luminescence spectra were recorded with

excitation light at 595 nm (51..6-,7F0). The spectra revealed typical f-f transitions

of Eu3+ residing in a trigonal prismatic site of D3 symmetry. Luminescence of

Eu3+ in other borate Huntites has been reported [4],[14],[19,20].

The metastable 7F0 term contains only one level. The 03 crystal field lifts the

degeneracy of the terminal 7F j multiplets into 2J+ 1 levels, some of which may

be degenerate. Referring to Figure 2.12a and the 3D0--7F1 transition, five peaks

are revealed where only two are expected. The two most intense peaks occur

at 591.7 nm (16901 cm-1) and 592.3 nm (16883 cm-1). The profile of the

3D0-*7F2 transition (cf. Figure 12c.) reveals two intense peaks at 616.4 nm

(16227 cm-1) and 618.9 nm (16156 cm-1), and a shoulder is apparent at 614.2

nm (16265 cm-1). Also noted is a vibronic satellite to lower energy at 624.8 nm
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(16005 cm-1). The vibronically allowed 7F0-0D3 transition is centered at ca. 650

nm and is not shown. The 3D0.-->T4 profile (Figure 2.12c) reveals six of the

expected eight peaks, with a maximum intensity at 702.5 nm (14234 cm-1). A

small feature was located at 580.4 nm (17228 cm-1) in the luminescence

spectrum that was not apparent in excitation scans. It is tempting to assign

this as the forbidden 3D0-*7F0transition, however, a low temperature absorption

spectrum might more clearly reveal this position. The extra peaks revealed in

the spectra may originate from Eu3+ ions located in interstitial sites [19], or

from substitution on the octahedral Sc sites. The excited state decay time of

the 3D0 manifold was measured with pulsed excitation at 355 nm. The data

were fit with a single exponential model, affording a lifetime of 910 ors (cf.

Figure 2.13).

Second Harmonic Generation

Efficiency of second harmonic generation (SHG) for 1064 nm radiation was

measured on microcrystalline samples. The purposes of this measurement

were, first, to confirm the acentricity of the crystallized products, and-secondly,

to determine their efficiency of second-harmonic generation of 1064 nm laser

radiation. The measured SHG signal at 532 nm for PrSc3(B03)4 and

NdSc3(B03)4 was determined to be twice that of KDP and equivalent to that of

the compound YAI3(B03)4. The signals from SmSc3(B03)4 and EuSc3(B03)4

were slightly larger, with efficiency 2.4 times that of KDP.
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Figure 2.7. Steady-state luminescence spectra of 4G5,2--6H, transitions for
SmSc3(B03)4 at T= 300 and 77 K, ltexc. = 400 nm. Metastable and terminal
manifolds are split by the 03 crystal field.



Nanometers

T = 300 K

T = 77 K

595 605 615 625

Figure 2.8. Temperature-dependent luminescence spectra of a) 4G512.-*6H512 transition, and b) 4G512-*6H712 transitions
of SmSc3(B03)4. These spectra illustrate the redistribution of electronic population within the thermally
equilibrated 4G512 levels. 6.)
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Figure 2.9. Temperature dependent luminescence of a) 4G512-6H9/2 and b) 4G512-+6H1 112 transitions. Five peaks of
the expected fifteen (a) and eighteen peaks (b) are observed.
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Time x 10 s

Figure 2.10. Excited-state decay curves for SmSc3(B03), recorded by
monitoring luminescence at 600 nm with = 355 nm and T = 300 K. A
single exponential fit produced a lifetime of 15 ps.
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Figure 2.11. Steady-state excitation/luminescence spectra of EuSc3(B03)4 recorded at T = 77 K.
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Figure 2.12. Luminescence spectra for EuSc3(B03)4 at 77 K, item = 394 nm. Transitions: a) 5D0-->7F1 b) 5D0-7F2,
and c) 5D0-7F4.
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Figure 2.13. Excited-state decay curves of EuSc3(B03)4 monitored at 616 nm
and T = 300 K with Am. = 355 nm. A single exponential fit produced a lifetime
of 910 1.1S.
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The independent nonlinear coefficient dl 1 has been calculated for

YAI3(B03)4, as well as d11 for several related borates, in this laboratory by using

the method of anionic group theory [21]. In these calculations BO3 groups are

treated as the only active chromophore participating in the SHG process.

Favorable orientation of these groups in RSc3(B03)4 yields a large x value.

Results have reproduced the measured values for several transparent borate

materials quite well [22]. Orientation of the 603 and RO6 groups in the ab

plane is presented in Figure 2.14. The B1 centered triangles (03 symmetry, 3

triangles per unit cell) have negatively oriented hyperpolarizability tensor

components in comparison with the B2 centered group components (C2

symmetry, 9 groups per unit cell) all of which sum constructively. A net

cancellation of dipole vectors from these two groups is best visualized by

considering the outer left hand column of Figure 2.14. Within the adjacent

column, dipole vectors of B2 centered triangles positively sum, due to the

physical absence of B1 centered triangles. In this regard, a net positive

summation of vectors is realized. Favorable orientation of the RO6 trigonal

prisms is readily noted. Neglected in these calculations is the electronic

contribution of the RO6 trigonal prisms. Contributions to the SHG process by

these groups have their origins in the low lying electronic states of the rare

earth ion. To accurately account for the measured SHG conversion efficiency

in RSc3(B03)4 a /3 value for the favorably oriented RO6 trigonal prisms should

be included in the calculations, i. e., x = F.O(B03) + FAR06). Obviously, a
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Figure 2.14. Layers of B03 triangles and RO6 trigonal prisms extending in the
ab plane.
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more accurate value for the dll coefficient in RSc3(B03)4 will be facilitated by

such an approach. The premise is best realized by inspection of the equation

for /3.

ipc(6) ,26)) ---3,h2 it (91p.le) (elplei)(elvIg)
g e (6) 9-0) g-26)) (64,(.0 g(0)

The numerator is a product of transition moment integrals with <g, <e, and

<e' representing ground and excited wavefunctions. The denominator is an

energy term where co, co., and cog are the frequencies of the incident laser,

excited, and ground electronic states, respectively. From the equation, as we

approaches 2co, the denominator decreases in value, and the resultant value

of increases. Accompanied by favorable orientation of the rare earth ion

centered trigonal prism a larger value of du should be realized. Such is likely

the situation in RSc3(B03)4.

Infrared Spectra

An infrared spectrum was recorded for the 400-1400 cm-1 region from

microcrystalline powders of RSc3(B03)4 pressed in KBr pellets. Selected

assignments and frequencies appear in Table 3.5. Assignments were made by

analogy to ScBO3, and RBO3 [23]. The spectrum is dominated by vibrational

modes of the planar B03 groups, of which two types exist, one possessing

D3 and the other C2 symmetry. The purpose of this measurement was to

provide a tabulation of fundamental vibrational frequencies for future

identification of fundamentals, overtones, and combinations participating in

intensity enabling vibronic transitions, and nonradiative processes.



Table 2.5. Vibrational Frequencies, cm-1, and Normal Modes for Scandium Borate Huntites.

Mode ScB03 PrSc3(B03)4 NdSC3(B03)4 SMSC3(B03)4 EUSC3(B03)4

v1 940 974 974 969 965

v2 740 744 744 739 740

765 776 771 767 763

v3 1239 1218 1222 1220 1231

1264 1293 1302 133 1297

1344 1344 1355

V4 642 628 630 637 637

664 666 670 670
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Solid Solution Series

The structure field for these Sc borate huntites comprises those members with

R = Pr, Nd, Sm, Eu and Gd. Although X-ray powder data indicate that the Gd

derivative forms a huntite-like structure, we have been unable to grow crystals

of this derivative that are single. The La analog LaSc3(B03)4 crystallizes only

in a monoclinic form. Attempts to synthesize single crystals outside of this field

with R = Tb - Lu produced only crystals of ScBO3 containing high dopant

levels of the respective rare earth ion. Unfortunately, in the Sc borate series

a simple example of a rhombohedral huntite having a wide transparency range

for doping studies does not exist. To realize such a host and expand the ion

substitutional flexibility within the structure type we have examined the solid

solution series LaxGcli.,Sc3(B03)4. Indeed, in this series we anticipated that

mixtures of La and Gd atoms at the R site would effectively mimic the sizes of

the atoms R = Pr, Nd, Sm, and Eu to produce the rhombohedral structure.

The R32 structural integrity is maintained for 0.3 5 x .5 0.7, (cf. Figure 2.15).

Single crystal of this series are readily grown in 3:1 wt/wt LiB02/Lal.

Gcl,,Sc3(B03)4 solvents, or a 20 wt% CaF2 flux. Unit-cell parameters from

single-crystals grown by these methods were obtained on the Rigaku AFC6R

difractometer: a = 9.773(1), c = 7.929(2) A, V = 655.9(2) A3 grown in LiB02,

and a = 9.784(1), c = 7.948(1) A, V = 659.0(2) A3 from CaF2. The former

result corresponds to a stoichiometry reflecting that of the starting materials,

x = 0.49 (cf. Figure 2.15), whereas the latter data correspond to a
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stoichiometry where x = 0.66. These results indicate that the stoichiometry of

the crystallized product (from CaF2) is dictated, in part, by the quantity and

nature of the flux. A factor that should be considered in investigating this

system is the integrity of CaF2 under the growth conditions and the possibility

that it is hydrolyzed and subsequently reacts with B203 to produce a flux

containing calcium borate.
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Abstract

We have grown single crystals of NdSc3(B03)4. The lilac crystals form in

the noncentrosymmetric space group R32 in a cell with Z = 3 and parameters

a = 9.784(2), c = 7.9540(8) A, and V = 659.5(2)A3. The structure consists of

layers of planar B03 groups separated by distorted Sc06 octahedra. The Nd3+

ion resides in the center of trigonal prismatic site of D3 symmetry.

The data reported here include temperature-dependent steady-state

luminescence spectra, excited state decay times, excitation and absorption

spectra, second-harmonic generation (SHG) efficiency, and infrared spectra.

Temperature-dependent luminescence spectra in the range 300 - 13 K and the

wavelength region 850 - 1090 nm revealed characteristic 4F312-01912 and

4F3/2- 4111/2 transitions of Nd3+, and a 74 cm-1 splitting of the 4F312 level.

The decay time of the 4F312-0111/2 transition at 1061 nm and 300 K is 26 ps and

increases to 39 ps at 13 K. Efficiency of second-harmonic generation of

microcrystalline samples, using 1064 nm radiation, was twice that of KDP. The

infrared spectrum from 400-1450 cm-1 revealed characteristic borate vibrational

transitions originating from the two distinct B03 groups of local C2 and D3

symmetries.
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Introduction

We have conducted a systematic synthetic, structural, and optical study

on new materials having the formula RSc3(B03)4 where R = Y or selected rare-

earths elements, and we have determined that the structure field comprises

those memebers with R = La, Pr, Nd, Sm, Eu, and Gd [1]. Herein, we

report results on the optical characterization of the material NdSc3(B03)4. It

crystallizes like the corresponding Al analog in the noncentrosymmetric space

group R32 [2]. Materials adopting this structure can accomodate high

concentrations of rare-earth ions with minimal concentration quenching effects

[3]. NdAl3(B03)4 minilasers provide CW laser radiation at 1064, 1065, and

1066 nm [4,5]. The monoclinic derivative demonstrated CW laser radiation

operating at 1.06 and 1.3 pm [6]. The Cr + codoped material

NdSc3(B03)4:Cr3+ provides CW laser radiation at 1063 nm, upon excitation of

Cr + [7,8]. Because the structure is noncentrosymmetic and it exhibits

favorable nonlinear coefficients, selected derivatives have been used for optical

frequency conversion [9]. The crystal Nd0.2Y0.8A13(B03)4 afforded the first

self-frequency doubling laser of the family, internally converting 1.34 pm to 670

nm coherent radiation [10]. Later doubling the wavelength of generated

1.06 pm to produce green light was realized in Nd0.04Y0.96A13(B03)4 (NYAB)

[11,12]. Spectroscopic properties of self-frequency doubling NYAB lasers

pumped by diode lasers have been reported [13,14], and Judd-Ofelt

theory has been applied to model parameters in NYAB [15].
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Structural and optical properties of the Ga analogs, RGa3(B03)4 where R

= Y and the rare earths Ce - Er have been reported [16]. Growth of

epitaxiai layers of the laser material NdA13(B03)4 and Nd(Ga, Cr)3(1303)4 for

waveguding have been investigated [17]. Incorporation of Sc into the

lattice has recently been presented by Ivonina et. al. [18], confirming our

results [1].
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Experimental

Synthesis

Microcrystalline powders of the title compound were prepared by heating

intimate mixtures of stoichiometric quantities of Nd2(C204)310H20 (Alfa, 99.9%)

and Sc203 (Boulder Scientific, 99.99%) with a slight excess of B2O3 (Johnson

Matthey, 99.98%). The powders were heated, with intermittent grindings, to

temperatures as high as 1400°C. Single-crystals of hexagonal rods up to

1mm in length can be grown easily in 3:1 wt/wt LiB02/NdSc3(B03)4 solutions

by heating to temperatures of 1000°C followed by slowly cooling at 5° C/h to

775°C and to room temperature at 100°C/h. Crystals are removed from the

LiB02 solvent in a hot 3M HNO3(aq) solution.

Absorption

Single-crystal absorption spectra were obtained on a computer controlled

Cary Model 15 spectrometer that was modified to operate in a single beam

mode and fitted with a 6-volt tungsten lamp and a Hamamatsu R636

photomultiplier tube (Appendix A, Figure Al). A single unpolished crystal with

parallel faces and a thickness of 3.09 x 10-2 cm was affixed over a 0.5 mm

aperture on a copper sample holder mounted near the entrance slit of the

monochromator (Figure A2). Light from the tungsten source passed through

the crystal; the transmitted light was dispersed through the prism

monochromator and subsequently detected. Incident intensity measurments

were obtained by removal of the crystal from the aperture.
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Luminescence

Temperature-dependent luminescence spectra were recorded on a

computer controlled, right-angle luminescence/excitation spectrometer by

utilizing lock-in techniques, Figure B4. Excitation at 589 nm was selected by

dispersing the light from a 300 W Xe lamp through a 0.4 meter double-prism

monochromator (modified Cary Model 15), then chopped and focused onto

the sample. Luminescence was isolated with a 1/8 meter monochromator

equipped with a single grating blazed at 1000 nm (spectral resolution ca. 0.2

nm). A single crystal (ca. 1.0 x 0.06 x 0.06 mm) of NdSc3(B03)4 was mounted

on the coldfinger of an Air-Products Displex closed-cycle He refrigerator with

its optical axis (c axis) at 45° to the grating rule. The signal was detected by

a Hamamatsu R1767 dry-ice cooled photomultiplier tube and directly

terminated into the 10 M ohm input of an Ortec Brookdeal 901E lock-in

amplifier. Spectrometer control and data acquisition were orchestrated by

programs written in this laboratory. Excitation spectra were also recorded with

this apparatus.

Second Harmonic Generation

The efficiency of second harmonic generation (SHG) was measured on

microcrystalline samples (100-200 mesh) by using the experimental method

of Kurtz and Perry [19]. Fundamental light was provided with a Q-switched

Molectron MY-34 Nd:YAG laser operating at 1064 nm (Appendix D, Figure D1).
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Infrared Absorption

Infrared spectra were recorded on a Nicolet PCIR J5602 FTIR from

samples in KBr pellets. The spectral resolution was set at 4 cm-1 and 16 scans

of the background and sample were averaged.



54

Results and Discussion

Single Crystal Absorption

Absorption spectra from single crystals of NdSc3(B03)4 were recorded in

the wavelength region of 400 - 900 nm at room temperature. The spectra of

several crystals were measured. They revealed the weakly perturbed and

broadened f-f transitions typical of highly concentrated Nd3+ samples. The

energetic positions of the manifolds were found to be reproducible absorption

coefficients varied by as much as 20%. Hypersensitization within manifolds was

also noted, contributing to discrepancies in the absorption coefficients. These

results were not unexpected, considering the varying optical qualities of the

available crystals. The spectrum presented here (Figure 3.1) afforded the

smallest absorption coefficients; selected assignments and related parameters

are summarized in Table 3.1.

Absorption cross sections cra were obtained by using relationship (1),

ln[I I- -0 .Nol
lo

(1)

where I is the length of the crystal and No = 0.3333 N is the fraction of the

total population in the ground level (N= 4.53 x 10 21 Nd3+/cm3) as determined

from relationship (2),
gexp[-A E

0 N
igiexp[- tiEdkn

(2)
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Figure 3.1. Single crystal absorption spectrum for NdSc3(B03)4, thickness =
3.09 x 10'2 cm. No corrections were made for surface or internal scatter of light
by the crystal.
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where gi is the degeneracy of the levels, (all levels are doubly degenerate) and

AEu is the energy difference between ith and jth levels; cf. Table 3.2 and Figure

3.6. The absorption cross section a, is related to the absorption coefficient a

by equation (3).

a - (AO (3)

For the 4l912-*4G5,2 transitions centered at 586 nm, a = 140 cm-1 and as =

9 x 10 -2° cm2. At 531.5 nm, which corresponds to the 41912-'4G712 transitions,

a = 35 cm-1 and as = 2.3 x 1020 cm2. For the line at 877.8 nm, which has

been identified as the resonant T312-041912 transition, a = 96 cm-1 and Gra = 6.4

x 1020 cm2. The cross section of the resonant line is 3 times greater than that

of NdP5O14 reported at 870 nm [26].

Excitation spectra were recorded at 300 and 77 K in the wavelength region

300 - 850 nm; room-temperature data reflected the energetic positions of the

absorption measurement. The wavelength region spanning 300 - 440 nm

taken at 77 K is reproduced in Figure 3.2. The 41912->4D312 transition is centered

at 350 nm, and the 1912-*2P112 appears at the low energy portion of the

spectrum. The potential exists to frequency mix 532 and 1064 laser radiation

to produce 355 nm laser radiation (generated in the same NdSc3(B03)4

crystal). The 355 nm photons absorb into the 4D312 manifold and may lase via

the 4D3/2_0411112 transition at lower temperatures [20].
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Figure 3.2. Excitation spectrum recorded at 77 K of NdSc3(B03)4. The
41912-G3,2 transitions are centered at 350 nm, (uncorrected).
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Table 3.1. Absorption parameters for selected transitions of

N d S C3 (B 03)4*

Transition Wavelength nm Absorption Coefficient cm-1

419/2..41912 877.8 96

41912.4,4F512,2Fl9t2 804 108

41912_,4F712,4S312 752 102

419/2.44Fa12 687 25

462.4,4G512,2G7/2 586 140

462_441G712 531.5 35

4612_,4G9/2 519 27

41912_4G1 476 13

462_,, 2p 436 9
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Luminescence

Temperature-dependent luminescence spectra (300 - 13K) were recorded

on a single crystal of NdSc3(B03)4 in the wavelength region 850 - 1100 nm.

Luminescence from the crystal was quite intense and easily detected with

excitation centered at 589 nm. The room temperature spectrum is reproduced

in Figure 3.3. Luminescence spectra recorded at the temperatures of 300, 80,

and 13 K for the 4F312_41912 and 4F312-->411112 transitions are presented in Figures

3.4 and 3.5, respectively.

4 F3/2..4 Transitions

As can be seen from Figure 3.4, the 300 K luminescence profile is

dominated by at least six overlapping peaks with maximum intensity located

at 11323 cm-1 (883.1 nm). Upon cooling to 80 K seven peaks are readily

identified, and their relative intensities are shifted, favoring those at lower

energies with respect to the room temperature spectrum; the most intense

peak is located at 11218 cm-1 (891.4 nm). The 13 K spectrum reveals four

bands. Three intense peaks are located at 11342 cm-1 (881.7 nm), 11262 cm-1

(887.9 nm), and at 11218 cm-1 (891.4 nm) and one weak feature at 11096 cm-1

(901.2 nm). The temperature dependence presented by these spectra is quite

dynamic. The energetic positions of the identifiable peaks remain constant

throughout the temperature range with two important exceptions. The most

intense peak at room temperature is located at 11323 cm-1 (883.1 nm) and

upon cooling to 13 K it shifts to higher energy by ca. 20 cm-1; apparently two
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overlapping transitions are associated with these peaks. The peak occuring

at ca. 11398 cm-1 (878 nm) in the 300 K spectrum shifts to 11404 cm-1 (876.8

nm) in the 80 K spectrum and maximizes at 11417 cm-1 (876) at 13 K, a blue

shift of 20 cm-1.

4 F312_0411112 Transitions

Depicted in Figure 3.5 are the Nd3+ luminescence spectra in the

wavelength region corresponding to the 4F3,2-311112 transitions. The 300 K

spectrum maximizes at 9425 cm-1 (1061 nm) with a bumpy contour masking

several overlapping bands. The structured spectrum recorded at 80 K unveils

eight peaks, two of which exhibit maximum intensities at 1061 and 1058 nm.

Several pairs were readily identified with a separation of ca. 74 cm-1. As the

crystal was cooled to 13 K, higher energy transitions between 1050 and 1057

nm lost intensity and became undetectable, whereas the main transitions to

lower energy gained intensity. The energetic positions of the transitions

remained constant as the temperature was reduced, the major difference

being enhanced structure and apparent thermal redistribution of electronic

population within the excited state.

Preliminary Discussion

The Nd3+ ion studied in this material resides at the center of a trigonal prism

with six nearest neighbor 0 atoms. As a result, weak perturbation provided by

this crystal field of 03 symmetry lifts the degeneracy of the shielded multiplets

of f orbital parentage. The metastable 4F3,2 manifold with 2J+1 degeneracy is
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Figure 3.3. Room temperature luminescence spectrum for the 'T312 -01912 and
T3/2..41 . transitions of NdSc3(B03)4, Aexc. = 589 nm (corrected).
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Figure 3.4. Temperature dependence of the 4F3,2-41912 transitions of
NdSc3(B03)4, Am. = 589 nm.
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Figure 3.5. Temperature dependence of the 4F3,2-0411112 transitions in
NdSc3(B03)4. Axe. = 589 nm.
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split into two doubly-degenerate levels (Kramers doublets). Excited state

population from this manifold is channeled to the crystal-field split, doubly-

degenerate levels of the 41j multiplets. These transitions, giving rise to

luminescence, can terminate on eight 11312 levels with emission at ca. 1.9 pm,

seven 4113/2 levels producing light at ca. 1.3 Aim, six 4111,2 levels affording

luminescence at 1.06 Am, and five 462 levels containing the ground state near

890 nm. Our current interests are concerned with elucidation of crystal field

splittings within the latter two transitions.

Within the excited state, at 300 K, the thermal bath is sufficient to populate

both levels of the split, metastable 4F3,2 manifold, and transitions giving rise to

luminescence from both levels is anticipated. The intensities of these

transitions are dictated by dipole selection rules, the fractional population of

the excited level as determined from the partition function, and nonradiative

pathways. So, by assuming the crystal field splitting remains nearly constant

within the temperature range, the luminescence spectra should reveal a series

of equally spaced peaks that reflect the energy difference between the upper

and lower levels of the 4F3,2 manifold. By lowering the temperature, population

within an excited-state manifold is redistributed with the upper level

relinquishing population to the lower level. The change in relative intensities

between the pairs of transitions will reflect this shift in population, i.e., as the

temperature is lowered luminescence originating at the lower level will gain

intensity while that from the upper level will proportionally decrease in intensity.
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Finally, at sufficiently low temperatures the upper level becomes nearly

depopulated and only luminescence from the lower level of the split manifold

is observed. These low-temperature spectra clearly reveal the crystal-field

splittings of the terminal manifolds. In this regard, analysis of the temperature

dependent spectra should disclose the energetic positions of crystal-field

levels for the metastable 4F312 and terminal 419/2 and 4111/2 manifolds.

Analysis

A level splitting of 74 cm-1 was resolved in the 4F3,2 manifold as determined by

identifying several equally spaced pairs of peaks, in the spectra,

corresponding to the 4F312-441912 and F4 3/2-1'4 1 11/2 transitions. The splitting is

consistent with that of 70 cm-1 determined for the analogous laser crystals of

NdA13(B03)4 [6]. We have constructed an energy level diagram from analysis

of spectroscopic data and offer it in Figure 3.6.

From the spectra corresponding to the 4F312-*413,2transitions (cf. Figure 3.4)

seven of the expected ten peaks are readily identified in the 80 K spectrum.

To pair these peaks to a 74 cm-1 splitting we have assumed that the two

features centered at 887 and 883 nm each contain two overlapping bands,

one each, from the upper and lower 4F312 levels. The apparent 20 cm-1 blue

shift upon cooling supports this assignment. The highest energy transition at

80 K occurs at 11466 cm-1 (872.1 nm), and we have assumed that this

transition originates from the upper level of the 4F3,2 manifold and terminates

directly on the ground state. This peak is nearly absent in the 13 K spectrum
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and increases in intensity with an increase in temperature. The peak at 11392

cm-1 (877.8 nm) originates from the lower of the two split 4F312 levels and

terminates on the ground state, appearing only as a shoulder in the 13 K

spectrum. Self absorption, common in highly concentrated materials may

account for the reduction of intensity at lower temperatures [21].

Referring to Figure 3.5, and the 4F312_,411112 transition, nine peaks of the

expected twelve peaks are readily identified from the 80K spectrum, as a

result, three of these features must consist of overlapping transitions. The

peaks corresponding to the 74 cm-1 splitting scheme appear as shoulders on

the low energy sides of the bands at 9425 cm-1 (1062 nm), 9388 cm-1 (1065

nm), and 9377 cm-1 (1071 nm). These three transitions originate from the

upper level of the 4F3,2 manifold.

Emission Cross Section

Emission cross sections from our measurements were calculated by using

standard methods and equation (4).

a eV,. - a(ger1Ja
5

(4)

The absorption cross section as corresponds to the resonant line of the

4F3/2_41912 transition at 877.8 nm and has a value of 6.4 x 10-20 cm2 when

uncorrected for self absorption effects. This value seems reasonable when

compared to data for the stoichiometric materials NdP5014 where (78(870) = 2.1

x 10 -2° cm2 [22], and K3NdLi2F10 where cr8(870) = 2.4 x 1020 cm2 [23]. The
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300 K luminescence spectrum in Figure 3.3 as corrected for the optical

response of the detector/monochromator combination with the aid of a

standard lamp (the sensitivity per photon at 878 nm was 2.5 times that at 1061

nm). The most intense peak of the 4F312.-*411112 transition at 300 K occurs at A.

= 1061 nm. The emission cross section for NdSc3(B03)4 at 1061 nm was cre

= 1.9 x 10 -18 cm2. The number is comparable to values reported for the

analogous laser material NdAl3(B03)4, Ue= 8 x 10 -19 cm2 [23] and the

dilute crystal Nd0.04Y0.96A13(B03)4, 10 x 10-19 cm2 [12], and lower than the value

reported for the material NdoloY0.90A13(B03)4, 6 x 10-19 cm2 [15].

Lifetimes

Excited-state decay times for the 4F3,2->11112 transition were measured as

a function of temperature on the same crystal used to obtain the luminescence

spectra and were recorded by monitoring luminescence at 1061 nm.

Logarithmic plots of decay curves recorded at 300 K, 25 K, and 13 K are

presented in Figure 3.7. Each curve was fit with a single-exponential model.

The 300 and 25 K data afforded poorer fits, indicating additional contributions

to the decay rate. At 300 K a lifetime of 26 Ns that increased to 37 Ns upon

cooling to 13 K was recorded. The temperature dependence of the decay

times may have origins in energy transfer between coupled Nc13+ ions assisted

by vibrational pathways, and, of course, simple nonradiative pathways to the

ground state. The magnitude of the rate constants for these nonradiative

transitions indicate that the quantum efficiency is less than unity. The lifetime
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Figure 3.7. Temperature dependent excited-state decay curves of NdSc3(B03)4 as recorded at 1061 nm,
A.. = 589 nm.
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at 300 K for NdSc3(B03)4 of 26 us is slightly longer than the value of 19 in

reported for the stoichiometric material NdA13(B03)4 [3]. The quantum efficiency

of NdA13(B03)4 as measured by photoaccoustic methods has been determined

to be ca. 0.33 [24]. In NdA13(B03)4 the closest Ncl-Nd distance is 5.917

A compared with NdSc3(B03)4 where the Nd...Nd distance is 6.240 A. At this

distance less concentration quenching is to be anticipated which may partially

account for the longer lifetime. Nonradiative transitions to the ground state

may also be minimized in NdSc3(B03)4 as the Nd-O distance, 2.442(6) A, is

longer than the Nd-O distance, 2.371(7) A, in NdA13(B03)4. Hence, in

NdSc3(B03)4 their may be less Nd lattice coupling. In Ncl.Gcli.,1A13(B03)4 the

lifetime increased to 60 Ns for x 5. 0.10. A similar value is reported for

NdoloY0.90A13(B03)4 [13].

Second Harmonic Generation

Efficiency of second harmonic generation (SHG) for 1064 nm radiation was

measured on microcrystalline samples of NdSc3(B03)4. The purposes of this

measurement were, first, to confirm the acentricity of the crystallized product,

and second, to determine its efficiency for second-harmonic generation. The

measured SHG signal at 532 nm was determined to be twice that of KDP and,

surprisingly, equivalent to that of the compound YAI3(B03)4 which is

transparent at 532 nm. The absorption spectrum of NdSc3(B03)4 reveals an

absorption feature at 531.5 nm with a = 35 cm-1 that should significantly

decrease the magnitude of the observed SHG signal by self absorption of 532
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nm photons generated in the SHG process. Concomitantly, strong

fluorescence from the 4F312 level should be observed in NdSc3(B03)4.

Infrared Spectra

An infrared spectrum was recorded in the 400 - 1400 cm-1 region from

microcrystalline powders of NdSc3(B03)4 pressed into KBr pellets; selected

frequencies and assignments appear in Table 3.2. Assignments were made by

analogy to ScBO3 and LnBO3 [25]. The spectrum is dominated by

vibrational modes of the two inequivalent planar 603 groups; one exhibits D3

while the other has C2 symmetry. The purpose of this measurement was to

provide a tabulation of fundamental vibrational frequencies to be used to

identify overtones and combinations that may participate in nonradiative

processes.

The antisymmetric stretching mode v3 is broad and centered at 1320 cm-1,

the fourth overtone will occur at ca. 5280 cm-1. This value is coincident with the

energy gap between the 4F3,2 and the 4I15,2 manifolds of ca. 5200 cm-1, as

noted in [15] for NYAB. Population in the 4F312 manifold can decay non-

radiatively to the 4115/2 manifold through emission of four phonons. In a similiar

fashion, decay to the 4113/2 manifold requires emission of six 1300 cm-1

phonons, the 4111/2 manifold via 7 phonons, and to the ground state by a

combination of 8 phonons; numerous other combinations exist. These

nonradiative pathways, particularly to the 4F1512 manifold, partially account for

the less than unit quantum efficiency as reflected in the decay time
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measurements. Depopulation of terminal electronic levels to the ground state

occurs through emission of phonons. The 4115r2 manifold at ca. 6100 cm-1

above the ground state is coincident in energy with a combination of v2 and

the fourth overtone of v4. At 3700 cm-1 above the ground state the 4113/2

manifold is coincident in energy with the 3rd overtone of v3. The 4111/2 manifold

will be readily depopulated by v3 + v4, v3 + v2 , or 2v2 + v4.

The SHG process, initiated within B03 groups, is coupled to these local

vibrations. SHG efficiency is expected to be reduced, particularly in conversion

of NIR radiation.
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Table 3.2. Vibrational Frequencies and Normal Modes For NdSc3(B03)4.

Group Energy/cm-1

NdOe 400

B03, v4(e') 630, 666

B03, v2(a") 744, 771

B03, vl (a') 974

B03, v3(e') 1222, 1302,

1344

Description

strong, (300-600 cm-1)

strong, deg. assym. bend,str.

strong, umbrella (700 - 800 cm-1)

weak, symm. str.

strong, deg.assym. str. (1000-1400 cm-1)
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Abstract

The new noncentrosymmetric compound KZn(C3F1702N)C13 has been

crystallized and its structure determined by single-crystal X-ray methods. It

forms in the noncentrosymmetric space group P21 with Z = 2 in a cell having

parameters a = 7.762(2), b = 7.556(1), c = 8.858(1) A, /3 = 109.44(2) °, and

V = 4902(2) P. The structure was determined from 1076 unique reflections

and refined to the final residuals R = 0.035 and 13, = 0.037. It contains a

complex ion of a Zn atom tetrahedrally coordinated by three CI atoms and the

terminal 0 atom of the L-alanine unidentate ligand. These complex ions are

linked through KCI502 polyhedra that propagate along the 21 screw axis. The

second harmonic conversion efficiency of microcrystalline samples was

measured and determined to be equivalent to KH2P042H20 (KDP).
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Introduction

In an effort to develop new materials for use as even-order optical

harmonic generators, we have elected to synthesize new coordination

compounds containing stereospecific enantiomers of chiral amino acids as

ligands. Crystals of the free amino acids and their respective coordination

complexes are predominately noncentrosymmetric and demonstrate favorable

nonlinear coefficients [1],[2],[3]. Crystalline salts formed from these

transition-metal chiral-ligand complex ions are typically robust and their

inherent ability for even-order optical frequency conversion can be optimized

by proper selection of polarizable counterions.

In this report, we describe the preparation, single crystal structure, SHG

efficiency, and related optical properties of the new complex salt Potassium(L-

alanine)Zinc(II)Chloride, KZn(L-alanine)C13.
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Experimental

Synthesis

The compound KZn(C3F1702N)C13 was synthesized by dissolving ten

mmoles of ZnCl2 (EM, reagent, 1.363 gm) in 20 mL of hot water. To this

solution 10 mmoles of KCI (EM, reagent, 0.7455 gm) and 10 mmoles of L.-

Alanine (Aldrich, 99%, 0.8909 gm) dissolved in 20 mL of hot water was added

dropwise with stirring. Large single crystals (0.5 cm3) of the title compound

were obtained quantitatively by slow evaporation of the solvent at room

temperature.

Optical

The efficiency of second harmonic generation (SHG) was measured on

powdered (100-200 mesh) crystalline samples of KZn(C3H702N)C13 by using

the experimental method of [4]. The procedure is described in Appendix D.

The ratio of SHG efficiencies from NdSc3(B03)4/KDP of ca. 2:1 for 1064 nm

laser radiations was used as a standard.

Infrared spectra were recorded on a Nicolet PCIR J5602 FTIR from a KBr

pellet. The spectral resolution was set at 4 cm-1 and 16 scans of the

background and sample were averaged and subsequently normalized.

Single crystal absorption measurements were performed on an HP Diode

Array Model Spectrophotometer with wavelength limits of 190 to 930 nm.
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X-ray Work

A crystal with approximate dimensions 0.3 x 0.1 x 0.1 mm was cleaved

from a larger crystal and used for structural analysis. Lattice parameters were

refined from 18 reflections in the range 30 < 20 < 40° that were automatically

centered on a Rigaku AFC6R rotating anode diffractometer equipped with

monochromatic Mo Ka radiation. Intensity data in the range of indices -10 5

h 10, -10 k 5_ 10, and -12 5 I 5 12, were collected with w-20 scans at a

speed of 16° /min. in w and a width Aw = (1.5 + 0.30 tan0). Intensities of

three reflections that were monitored after each block of 200 measurements

showed average fluctuations of 3.3% throughout the entire data set.

Structure Solution and Refinement

Calculations were performed on a microVax II computer by using the

TEXSAN crystallographic software package [5]. From the Laue symmetry

2/m, the systematic absences of OkO: k = 2n + 1, and the successful

refinement of the structure, the space group was found to be P21. The Zn and

CI atoms were located by using the program SHELXS [6]. The non-

hydrogen atoms were subsequently located from difference electron density

maps. These maps did not clearly reveal the H atoms, so their positions were

generated and assigned isotropic thermal parameters equal to 1.2 x Beg of the

attached atom were assigned. Of the 4957 reflections collected< 1537 were

found to be unique. Data were refined to convergence with isotropic

displacement factors for each atom, corrected for absorption with the program
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DIFABS [7], averaged (Rint = 0.054), and finally refined with anisotropic

displacement coefficients on each nonhydrogen atom. A secondary extinction

coefficient of 0.16797 x 10-5 was applied. Final least-square refinement of 1076

reflections with F02 3a(F02) afforded the residuals R = .035 and Rw = 0.037.

The largest peak in the final difference map had a height of 0.48% of a K atom.

Crystal data and experimental conditions are presented in Table 4.1. Final

atomic positional parameters and equivalent isotropic displacement coefficients

are listed in Table 4.2; anisotropic displacement parameters are summarized

in Table 4.3.

Results and Discussion

Structural

The structure solution revealed an arrangement of complex anions

containing 4-coordinate Zn atoms (Figure 4.1) that are separated by K.' ions

(Figure 4.2). The unidentate L-alanine ligand binds to the Zn atom through the

terminal 0 atom of the carboxyl group with a Zn1 - 01 distance of 1.955(4) A.

The base of the Zn-centered distorted tetrahedron is defined by three different

Cl- ions. Two of three Zn - CI interactions are equivalent - Zn1 - C11, 2.297(2)

A, and Zn1 - C12, 2.298(2) A, - while the third distance Zn1 - C13, 2.251(2) A,

is significantly shorter. Distortions from an ideal tetrahedron are represented

by the angles C11 - Zn1 - 01, 112.1(2) °; Cl2 - Zn1 - 01, 99.5(1) °; and CI3 -

Zn1 - 01, 126.8(1) °. Interatomic distances in the unidentate L-alanine ligand

are consistent with those observed in crystals of the free ligand (1]. The
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carboxyl group has an 01 - C1 - 02 angle of 125.0(6) 0 and inequivalent C1

01 and C1 - 02 lengths of 1.277(8) and 1.209(8) A, respectively, illustrating

the double bond nature of the C1 - 02 interaction. Complete interatomic

distances and angles for the complex anion are listed in Table 4.4.

The Zn-centered complex ions pack in columns along the [010] and [001]

directions as seen by referring to Figures 4.3 and 4.4, respectively. The

columns are linked through irregular 7-coordinate K centered polyhedra,

KCI502. These polyhedra propagate along the 21 screw axis by sharing

C11C12 edges. (cf. Figure 4.5 and Table 4.5). The environment about the K

atom consists of 5 inequivalent K - CI interactions ranging in distance from

3.237(3) to 3.3404(3) A, and two K - 0 interactions- K - 01, 2.681(5) A, and K -

02, 2.846(6) A. Intercolumnar distances between C11 - N1, 3.405(6), and C12

- N1, 3.437(6) A, indicate additional interchain interactions and possible

hydrogen bonding (cf. Table 4.6., Figures 4.3 and 4.4).
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Table 4.1. Crystal Data and Experimental Conditions for KZn(C3H702N)C13.

Crystal Data Experimental conditions

Diffractometer Rigaku AFC6R

Radiation Graphite monochromated
Mo Kcc

Formula wt., amu 299.93

a, A 7.767(2)

b, A 7.556(1)

c, A 8.858(1)

fi, deg. 109.44(2)

V, A3 490.2(2)

Space group P21

g cm-3 2.032

Crystal vol., mm3 0.0003

F(000) 296

Z 2

Linear abs. coeff., cm-1 37.72

p factor 0.03

No. unique data with F,,2 z 3a(F02) 1076

0.054

R(F) 0.035

RW(F) 0.037

Error in observation of unit wt., e2 1.17
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Table 4.2. Final Positional parameters and Beg for KZn(C3H702N)C13.

Atom x y z Beg*

Znl

K1

C11

C12

CI3

01

02

N1

C1

C2

C3

H1

H2

H3

H4

H5

H6

H7

0.14241(1) 0.4633 0.34163(8) 2.17(3)

0.6499(2) 0.3864(3) 0.4353(2) 2.90(6)

0.2541(3) 0.1946(3) 0.2956(2) 3.07(7)

0.3069(2) 0.6572(3) 0.2343(2) 2.66(6)

-0.1479(2) 0.4830(3) 0.1752(2) 2.72(6)

0.2345(6) 0.5294(7) 0.5679(5) 2.7(2)

0.0106(6) 0.3606(9) 0.5862(6) 3.1(2)

0.0847(8) 0.406(1) 0.8964(6) 2.5(2)

0.1419(8) 0.455(1) 0.6450(7) 2.0(2)

0.2094(9) 0.4954(9) 0.8240(7) 2.0(2)

0.402(1) 0.435(1) 0.9048(8) 3.2(3)

0.4088 0.3110 0.8918 4.0

0.4797 0.4927 0.8560 4.0

0.4401 0.4640 1.0147 4.0

0.2041 0.6201 0.8393 2.4

-0.0366 0.4489 0.8469 3.2

0.0870 0.2822 0.8806 3.2

0.1222 0.4309 1.0081 3.2

*Beg = (87r2/3)ZiEjtJoal*ai*alai



Table 4.3. Anisotropic Displacement Parameters for KZn(C3H702N)C13.

Atom U11 U22 U33 U12 U13 U23

Zn1 0.0263(3) 0.0319(5) 0.0224(3) -0.0020(4) 0.0057(3) 0.003(5)
K1 0.0266(8) 0.038(1) 0.0409(9) 0.0012(7) 0.0045(6) 0.0018(8)
CI1 0.036(1) 0.028(1) 0.051(1) 0.0000(8) 0.0113(9) -0.003(1)
Cl2 0.039(1) 0.033(1) 0.0366(9) -0.0035(8) 0.0211(8) 0.0039(8)
CI3 0.027(8) 0.035(1) 0.0340(8) -0.0028(9) 0.0006(6) 0.005(1)
01 0.037(3) 0.039(3) 0.023(2) -0.007(2) 0.006(2) 0.001(2)
02 0.026(2) 0.055(4) 0.033(3) -0.012(3) 0.006(2) -0.013(3)
N1 0.031(3) 0.040(4) 0.024(3) -0.000(3) 0.009(2) -0.003(3)
Cl 0.024(3) 0.021(3) 0.025(3) 0.000(3) 0.003(2) -0.002(4)
C2 0.030(3) 0.017(4) 0.025(3) 0.001(3) 0.006(2) -0.007(3)
C3 0.028(3) 0.064(6) 0.028(3) 0.008(4) 0.006(3) 0.005(4)



Figure 4.1. Ortep plot of the Zn-centered complex anion.

H2
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Figure 4.2. Unit cell of KZn(C3H702N)C13, view is in the [010] direction.



Table 4.4. Selected Interatomic Distances for KZn(C3H702N)C13.

Atoms Distance (A) Atoms Angle (°)

Zn1 - C11 2.297(2) C11 - Zn1 - C12 101.86(7)
Zn1 - C12 2.298(2) C11 Zn1 - C13 107.29(8)

Zn1 - C13 2.251(2) C12 - Zn1 - C13 105.77(8)
Zn1 - 01 1.955(4) C11 - Zn1 - 01 112.1(2)

C12 - Zn1 - 01 99.5(1)

C13 - Zn1 - 01 126.8(1)

C1 -01 1.277(8) 01 - C1 - C2 114.0(6)
C1 -02 1.209(8) 01 - C1 - 02 125.0(6)
C1 -C2 1.526(8) C1 - C2 - C3 112.2(5)
C2 - C3 1.500(9) C1 - C2 - N1 107.9(5)
C2 - N1 1.498(8) N1 - C2 - C3 110.2(6)
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Table 4.5. Interatomic Distances for KCI5O2 polyhedron in
KZn(C3H71420)C13.

Atoms Distance (A) Atoms Angle ( °)

K1 - C11 3247(3) CI1 - K1 - C12 78.8(6)
K1 - CI1 3.237(3) C11 - K1 - C13 1 08.11 (7)

K1 - C12 3.341(3) C11 - K1 - C12 84.55(6)
K1 - C12 3.253(2) C11 - K1 - C13 116.49(7)
K1 - C13 3.273(2) C11 - K1 - C12 65.55(6)
K1 - 01 2.846(6) 01 - K1 - C11 133.88(1)
K1 - 02 2.680(5) 01 - K1 - CI1 80.51(1)

01 - K1 - C12 64.1(1)
01 - K1 - C13 88.7(1)

01 - K1 - C12 140.9(1)

02 - K1 - 01 69.8(2)

02 - K1 - C11 74.8(1)

02 - K1 - CI1 149.0(1)

02 - K1 - C12 74.8(1)

02 - K1 - C13 72.6(1)
02 - K1 - C12 145.3(1)

C11 - K1 - C12 83.3(6)
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Table 4.6. Intermolecular Contacts for KZn(C3H702N)C13.

Atoms Distance (A) Atoms Distance (A)

CI1 - N1 3.405(6) CI3 - N1 3.559(6)

Cl2 - N1 3.437(6) CI3 - N1 3.327(7)

Cl2 - N1 3.533(6)
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Figure 4.3. Packing of Zn(C3H702N)C13 and K ions down the [010] axis.
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Figure 4.4. Packing diagram illustrating columns of Zn(C3H702N)C13 and K
ions down the [001] axis.



e.?e94./I00



94

Optical

The conversion efficiency at 1064 nm was found to be equivalent to that

of the frequency convertor KDP. Results confirm the acentricity of the crystal.

While the SHG conversion efficiency of KZn(C3H702N)C13 is not large, relative

to KDP, it offers both advantages and potential pitfalls. Large single crystals

can be obtained readily from aqueous solution without incorporation of water

into the structure; the crystals are not hygroscopic. Hence, absorption of MR

photons into overtone bands of H2O vibrations is not a problem. Conversely,

in KZn(C3H702N)C13, overtones of vibrations associated with the L-alanine

ligand may prove to be inhibitory, as discussed in the next section. The

KZn(C3H702N)C13 system provides flexibility for ion substitution within the

structure. Increased SHG efficiency may be realized by exploiting the

relationship between bond polarizability and second harmonic coefficients

[8,9]. For example, replacement of Cl- by the more polarizable Br, I-, ON- or

SON- ligands and subsequent replacement of K+ with Rb+ or Cs+ will increase

the relative electronic polarizability of bonds within the lattice and

concomitantly improve SHG efficiency, assuming of course, the structure

retains its present three-dimensional arrangement or adopts a new structure

providing a more constructive summation of the hyperpolarizability

components.
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Vibrational and Electronic Absorption

Infrared spectra for 1.2n(L-alanine)CI3 and L-alanine appear in Figure 4.6.

Energies, intensities, and assignments are listed in Table 4.6. The infrared

absorption of metal-amino acid complexes have been well studied [10]. The

purpose of this measurement was to tabulate vibrational parameters to identify

possible overtone and combination bands infringing in energy with the SHG

process. For example, NH and CH stretches span the region from ca. 3400

to 2500 cm-1, so the third overtone encompasses ca. 10200 to 7500 cm-1. As

a result conversion of NIR laser radiation in this region will be inherently less

efficient. The UV band edge is observed at 285 nm as determined from a

single crystal.



a)

b)
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Figure 4.6. Infrared Absorption Spectra of Alanine and KZn(alanine)C13.

1500 1000 500



Table 4.7. Frequencies (cm-1) and Assignments for Alanine and Ian(Alanine)C12.

Alanine
Frequency Intensity Assignment

KZn(alanine)C12

Frequency Intensity
3087 2.13 $ NH3+ str. 3080 1.33
2816 1.61 m CH str. 2963 0.90 w
2604 1.48 m 2905 0.74 w
2512 1.04 m 2762 0.57 w
2296 0.61 w
2249 0.58 w
2114 0.83 w
2033 0.54 w
1631 2.58 NH3 degen. def. 1651 2.95 s
1597 3.63 C00- asym. str. 1578 0.92 w
1509 1.22 m NH3 sym. def. 1532 0.69 w
1455 1.48 m CH3 degen. def. 1462 2.53 s
1412 2.13 Coo- sym. str. 1416 1.65 m
1360 2.51 CH3 sym. def. 1377 1.72 m

1350 1.8 m



Table 4.7 cont'd. Frequencies (cm-1) and Assignments for Alanine and KTh(Alanine)C12.

Alanine KZn(alanine)Cl2
Frequency Intensity Assignment Frequency Intensity

1015 1.17 m NH2 wag and twist, CH bend 984 0.61 w
965 0.83 w

918 0.75 w CCN in phase str. +/- CC str. 926 0.61 w
849 1.07 m 849 0.91 w
772 0.67 w COG scissors 764 0.68 w
540 1.48 m COG rocking 629 0.76 w
409 1.35 m CCCN assym. def. 579 1.12 m

co
co
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Abstract

The new noncentrosymmetric salt KPt(C3H402NH2)C12 has been crystallized

and its structure determined by single-crystal X-ray methods. It forms in the

noncentrosymmetric space group Pcc2 with Z = 4 in a cell with parameters

a = 9.905(2), b = 12.842(3), c = 7.244(2) A, and V = 846.0(5) k The

structure was determined from 2156 unique reflections (Rim = 0.084), and

refinement afforded the final residuals R = 0.041 and li = 0.053. It contains

a Pt-centered complex ion that is coordinated by a bidentate L-alaninato ligand

and two CI atoms. The complex ions are linked through K-centered KO4C14

distorted cubes.
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Introduction

In our effort to develop new materials for optical harmonic generation we

have elected to synthesize metal salts of L-Alanine [1],[2]. In this paper

we describe the synthesis, crystal structure, and second harmonic generation

(SHG) efficiency of the complex salt KPt(L-alanato)C12.

Crystals produced from single enantiomers are predominately

noncentrosymmetric, a property essential for the production of even-order

optical harmonics. Efficiency of this generation process in crystalline materials

is enhanced, foremost, by favorable arrangement of the active chromophores

participating in the harmonic generation process. Augmenting orientational

arrangement, is an observed increase in efficiency associated with an increase

in bond polarizability around the local environment of the chromophore

[3,4]. In this regard, we have chosen Pt as the central atom in the

development of this new complex.
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Experimental

Synthesis

The complex salt KPt(C3H602N)C12 was synthesized by dissolving one

mmole of K2PtC14 (Alfa, 0.415 gm) in 50 mL of water at 80 °C followed by

dropwise addition of an aqueous solution containing one mmole of L-alanine

(Aldrich, 99%, 0.0891 gm) and 2 mmol of KCI (Spectrum, reagent, 0.149 gm).

The red solution was heated for one-half hour; the resulting solution was light

orange. Slow evaporation of the water at room temperature produced a

mixture of red needles of the compound KPtCI4 and two additional crystalline

morphologies - yellow plates and yellow rectangular columns. The latter two

types of crystals were identified as the title compound.

Optical

The efficiency of second harmonic generation (SHG) was measured on

powdered microcrystalline samples (100-200 mesh) by using the experimental

method of [5] and a Q-switched Molectron MY-34 Nd:YAG laser operating

at 1064 nm. The ratio of SHG efficiencies from NdSc3(B03)4/KDP of ca. 2:1

was used as a reference.

Infrared spectra were recorded on a Nicolet PCIR J5602 FTIR from

samples in KBr pellets. The spectral resolution was set at 4 cm-1 and 16 scans

of the background and sample were averaged. All spectral data are

normalized.
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X-ray Work

A yellow columnar crystal with approximate dimensions 0.1 x 0.1 x 0.08

mm was chosen for structural analysis and mounted on a glass fiber with

epoxy. Lattice parameters were refined from 18 reflections in the range 11.7

< 20 < 35.7° that were automatically centered on a Rigaku AFC6R

diffractometer equipped with monochromatic Mo Ka radiation. The refined

parameters correspond to an orthorhombic unit cell with dimensions a =

9.095(2), b = 12.842(3), c = 7.244(2) A, and V = 846.0(5) k Intensity data

in the range of indices -14 5. h s 14, 0 k 5 20, and 0 5 I 5 11 were

collected with co-20 scans at a speed of 16° /min. in w and a width of Aw =

(1.5 + 0.30 tang). The intensities of three representative reflections that were

monitored after each block of 200 measurements declined by 7.4%; a linear

correction was applied to the data to compensate for this phenomenon.

Calculations were performed on a microVax II computer with programs

from the TEXSAN crystallographic software package [6]. The Laue group

was determined to be mmm. From the systematic absences Okl: I = 2n+1 and

h01: I = 2n + 1 and the successful refinement of the data, the space group

was determined to be Pcc2. Of the 4106 reflections collected, 2156 data were

found to be unique. The Pt and K atoms were located with the program

SHELXS [7], and the remaining nonhydrogen atoms were located by

subsequent analyses of difference electron density maps. Electron density

maps did not clearly reveal the hydrogen atoms so their positions were
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generated, and isotropic thermal parameters (1.2 x Beg of the attached atom)

were assigned. Atomic positions with respective isotropic displacement

coefficients were refined to convergence, and the data corrected for

absorption with the program DIFABS [8]. Subsequent data averaging

afforded the residual R1 = 0.086. All nonhydrogen atoms were refined with

anisotropic displacement factors. For atoms C1 and 01 these coefficients

were nonpositive definite and, as a result, were refined with isotropic

coefficients. Final least-square refinement on IF' with 2156 reflections having

F.2 > 3u(F02) and anisotropic temperature factors on each nonhydrogen atom

(except C1 and 01) afforded the residuals R = 0.041 and Re = 0.053. The

largest peak in the final difference map has a height of 2.1% of a Pt atom.

Crystal data and experimental conditions are presented in Table 5.1. Final

atomic positional parameters and equivalent isotropic displacement coefficients

are listed in Table 5.2; anisotropic displacement coefficients are summarized

in Table 5.3.

Results and Discussion

Structural

The structure analysis revealed an array of Pt" complex anions that are linked

by K+ ions. Coordination about the Pt" centered complex anion embodies two

CI atoms bound in a cis fashion and an L-alanato ion (C3H602N-) that acts as

a bidentate ligand by chelating through the deprotonated 0 atom of the

carboxylate ion and the N atom of the amine (NH2) group (cf. Figure 5.1 for
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the complex ion, Figure 5.2 for a view of the unit cell and Table 5.4 for

distances and angles). The bite angle of the L-alanato ion viz. 01 - Pt1 - N1 is

84.0(5)0 with corresponding Pt1 01 and Pt1- N1 interactions of 2.020(9) and

2.03(1) A, respectively. The C11 - Pt1 - Cl2 angle is 93.1 ° with inequivalent

interactions of Pt1 - C11 at 2.323(4) A and Pt1 - C12 at 2.281(4) A that result

from the trans effect. Within the L-alanato ion the carboxyl group exhibits the

angle 01 - C1 - 02 = 119(1)° and inequivalent C1 - 01 and C1 - 02

interactions of 1.33(2) and 1.26(2) A, respectively, indicating C1- 02 double

bond nature. The alkyl portion of the molecule has interactions of C1 - C2,

1.526(8) A, C2 - C3, 1.500(9) A, and C2 - N1, 1.526(8) A, with the angles C1 -

C2 - C3 , 112.2(5), C1 - C2 - N1, 107.9(5), and N1 - C2 - C3 110.3(6) °.

These results are similar to those of other Pt amino acid complexes [9-13].

A complete listing of interactions and angles for the complex anion is provided

in Table 5.5.

The complex ions stack with the L-alanato ions in a trans configuration

when viewed in projection along [001] (cf. Figure 5.3). The Pt atoms form zig-

zag strings along this direction with a shortest Pt - Pt distance of 3.6805(8) A

occurring within the unit cell (Figure 5.4). The nearest intermolecular contact

involving a Pt atom is Pt N1*, with a distance of 3.67(5) A. An intermolecular

interaction of 3.30(2) A between Cl2 N1 on adjacent complex ions is

indicative of hydrogen bonding.
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The complex anions are connected into sheets by interactions through two

distinct 8-coordinate K+ ions occupying special positions. The two

dimensional nature of this structure is best realized by viewing the packing

diagrams along [001], [010], and [100] illustrated in Figures 5.3, 5.4, and 5.5,

respectively.

In Figure 5.3, the K+ ions are seen to be sandwiched between layers of the

Pt complex ions. These sandwiches are then stacked along b with van der

Waals interactions and hydrogen bonding in the N1 Cl2 separation noted

above serving to bind them together. The K centered polyhedra have as

neighbors alternating 0 and CI atoms, resulting in a distorted cubic site (cf.

Figure 5.6). Within the K1 centered polyhedron, there are four equivalent K -

C11 distances of 3.26(1) A and equivalent pairs of K1 - 01 distances at 2.68(2)

and 2.86(2) A. The K2 centered polyhedron has 4 equivalent K1 - C11

distances at 3.478(9) A, and pairs of K1 - 02 distances of 2.63(2) and 2.69(2)

A. The chemical inequivalence of the K sites is best appreciated by

consideration of Figure 5.3. Atom K1 binds to atom 01 which itself binds to

the Pt atom. K2 binds to atom 02 at the free end of the carboxyl group. The

K1 and K2 centered polyhedra condense by sharing C11 atoms. They

propagate alternately in the [001] direction sharing this atom (cf. Figure 5.4).

A complete listing of distances and angles in these polyhedra is given in

Table 5.5.
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Table 5.1. Crystal Data and Experimental Conditions for
KR(C311402NH2)C12.

Crystal Data Experimental conditions

Diffractometer Rigaku AFC6R

Radiation Graphite monochromated
Mo Ka

Formula wt., amu 393.18

a, A 9.095(2)

b, A 12.842(3)

c, A 7.244(2)

V, A3 846.0(5)

Space group Pcc2

D,,,,, g cm-3 3.087 g/cm3

Crystal vol., mm3 0.0008

F(000) 712

Z 4

Linear abs. coeff., cm-1 178.32

p factor 0.06

N. unique data with F02 a 3a(F,,2) 2156

Rk,t 0.084

R(F) 0.041

R..(F) 0.053

Error in obseravtion of unit wt., e2 1.08
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Table 5.2. Final Positional parametrers and Beg for KPt(C3H402NH2)C12.

Atom x y z Beg*

Pt(1) 0.03600(5) 0.25745(3) 0.1.351 1.95(2)

K(1) 0 0 0.393(2) 2.5(27)

K(2) 1/2 0 0.393(2) 2.9(2)

CI(1) 0.2266(4) 0.1373(3) 0.152(1) 2.58(7)

C1(2) 0.1922(5) 0.3964(3) 0.115(1) 2.58(8)

0(1) -0.114(1) 0.1418(6) 0.128(4) 2.0(2)

0(2) -0.357(1) 0.1126(7) 0.134(4) 2.9(2)

N(1) -0.142(2) 0.350(1) 0.168(3) 2.6(3)

C(1) -0.251(2) 0.172(1) 0.163(4) 2.2(3)

C(2) 0.272(2) 0.287(1) 0.092(2) 2.1(3)

C(3) 0.413(2) 0.334(1) 0.108(3) 2.9(4)

H(1) -0.2526 0.2832 -0.0374 2.1

H(2) -.1592 0.3620 0.3008 2.9

H(3) -0.1301 0.4148 0.1117 2.9

H(4) -0.4102 0.4023 0.0568 3.2

H(5) -0.4840 0.2937 0.0419 3.2

H(6) -0.4830 0.3369 0.2334 3.2

*Beg = (8712/3)ZiEJUipi*ai*aia;



Table 5.3. Anisotropic Thermal Parameters for KPt(C3H402NH2)C12

Atom U11 U22 U33 U12 U13 U23

Pt1 0.0219(2) 0.0234(2) 0.0286(3) 0.0004(2) -0.001(1) -0.0047(7)

K1 0.040(2) 0.032(2) 0.022(2) 0.011(7) 0 0

K2 0.042(3) 0.055(2) 0.014(4) -0.006(6) 0 0

Cli 0.028(2) 0.037(2) 0.043(3) 0.006(1) -0.023(5) 0.003(5)

Cl2 0.038(2) 0.028(1) 0.050(5) -0.004(1) -0.003(4) 0.002(3)

01 0.024(2)

02 0.028(5) 0.042(5) 0.008(7) -0.009(4) -0.004(6) 0.002(6)

N1 0.044(8) 0.023(4) 0.01(2) 0.012(5) 0.00(1) -0.004(7)

C1 0.024(7) 0.043(7) 0.01(2) -0.005(6) -0.008(8) -0.001(9)

C2 0.025(8) 0.034(7) 0.03(1) 0.002(7) 0.013(7) 0.000(6)

C3 0.038(5)
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Table 5.4. Selected interatomic distances and angles for the complex anion
KPt(C31-1402NH2)C12.

Atoms Distance A Atoms Angle (°)

Pt - C11 2.323(4) C11- Pt1 - C12 93.2(1)

Pt - C12 2.281(4) CI1 - Pt1 - 01 91.0(3)

Pt - N1 2.03(1) C12 - Pt1 - N1 92.7(4)

Pt - 01 2.020(9) C12 - Pt1 - 01 173.3(6)

C1 - 01 1.33(2) 01 - C1 - C2 108(2)

C1 - 02 1.26(2) 01 - C1 - 02 119(2)

C1 - C2 1.59(3) C1 - C2 - C3 118(1)

C2 - C3 1.42(2) C1 - C2 - N1 105(2)

C2 - N1 1.57(2) N1 - C2 - C3 115(1)
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Table 5.5. Interatomic distances and angles for K-centered polyhedra.

Atoms Distance A Atoms Distance A

K1 - C11 3.26(1) K2 - C12 3.478(9)

K1 - 01 2.86(2) K2 - 02 2.69(2)

K1 - 01 2.69(2) K2 - 02 2.63(2)

Atoms Ana le Atoms Angle

C11 - K1 - C11 112.7(5) C11 - K2 - Cl1 122.3(5)

C11 - K1 - C11 114.6(1)

C11 - K1 - C11 101.6(1)

C11 - K1 - C11 112.3(5)

01 - K1 - 01 94.3(8) 02 - K2 - 02 121.2(5)

01 - K1 - 01 97.7(3) 02 - K2 - 02 92.8(8)

01 - K1 - 01 102.7(9) 02 - K2 - 02 102.7(9)

01 - K1 - 01 135.7(4) 02 - K2 - 02 11 4.1 (4)

C11 - K1 - 01 60.6(3) C11 - K2 - 02 65.0(3)

C11 - K1 - 01 74.8(4) C11 - K2 - 02 72.0(3)

C11 - K1 - 01 74.6(4) C11 - K2 - 02 75.0(4)

C11 - K1 - 01 163.3(3) C11 - K2 - 02 163.1(5)

C11 - K1 - 01 78.8(3) C11 - K2 - 02 78.8(3)

C11 - K1 - 01 162.1(3) C12 - K2 - 02 162.1(3)

C11 - K1 - 01 62.0(3)

C11 - K1 - 01 76.9(4)
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Figure 5.1. The complex ion POL-alanato)Cli-



Figure 5.2. The unit cell for KPt(L- alanato)C12.
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Figure 5.3. Packing diagram along [001].
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Figure 5.4. Packing diagram along [010].

1
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Figure 5.5. Packing diagram along [100].
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Figure 5.6. The K(1)C1404 polyhedron.
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Second Harmonic Generation

The second harmonic generation (SHG) conversion efficiency of 1064 nm

radiation was measured on microcrystalline samples of KPt(C3H402NH2)C12.

The purposes of this measurement were, first, to confirm the acentricity of the

crystallized product, and second, to determine its efficiency as a frequency

converting material. The measured SHG signal was determined to be 1/5 that

of KDP. While this result confirms the choice of a noncentrosymmetric space

group, the relatively low SHG conversion efficiency does not implicate this

material as a viable replacement for KDP in the MR. The low conversion

efficiency can be accounted for, at least qualitatively, by viewing the carboxyl

group as the predominate chromophore involved the SHG process [3,9]. By

treating the dipole moment of the carboxyl group as an oriented vector, and

referring to Figure 5.7, it is realized that a near antiparrallel arrangement of

these vectors occurs. The near cancellation results in a small, but measurable,

nonlinear response accounting for the low conversion efficiency. For a more

quantitative value of the nonlinearity, the coefficients can be calculated by

the method of anionic group theory [10]. Reasonable hyperpolarizability

coefficients must be derived for the carboxylate ion before this calculation can

be performed. A second factor affecting the efficiency of NIR SHG has it

origins in the vibrations of the complex salt as discussed in the next section.
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Figure 5.7. The carbonyl groups as viewed down [001 ].
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Infrared Spectra

The infrared spectrum was measured to tabulate the energetic positions

and intensities of vibrational modes associated with the Pt centered complex

ion. These data are essential for identification of possible overtone and

combination bands coincident in energy with the lasers used in SHG

measurements. The spectrum of the complex anion along with that

of L-alanine, for comparison, appears in Figure 5.7; numerical data are listed

in Table 5.6. Assignments were made by analogy to the complex Pt(DL-

Alanato)2 [11]. For KPt(L-alanato)Cl2 the broad band centered about 3437

cm-1 (indicative of an NH2 group) and those spanning the range, 3250 to 2800

cm-1, originate from N-H and C-H stretches. The third overtone will occur from

11200 to 9000 cm-1 and will ultimately degrade conversion efficiency for lasers

having fundamental frequencies in this region.
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Table 5.6. Frequencies (cm-1) and Assignments for L-Alanine and KPt(L-Alanato)C12.

L-Alanine

Frequency Intensity Assignment
KPt(L-alanato)C12

Frequency Intensity
3438 1.1 m
3256 1.3 m

3198 1.27 m
3087 2.13 s NH3+ str. 3090 1.33 m
2816 1.61 m CH str. 2910 1.1 m
2604 1.48 m 2601 .84 w
2512 1.04 m
2296 0.61 w
2249 0.58 w
2114 0.83 w
2033 0.54 w
1631 2.58 s NH3 degen. def.
1597 3.63 s C00. asym. str. 1651 2.22 s
1509 1.22 m NH3 sym. def.
1455 1.48 m CH3 degen. def. 1454 0.98 w

s
1412 2.13 s COO* sym. str. 1381 1.26 m
1360 2.51 s CH3 sym. def. 1369 1.25 m



Table 5.6 cont'd. Frequencies (cm-1) and Aisignments for L-Alanine and KPt(L-Alanato)C12.

L-Alanine

Frequency Intensity Assignment
142n(L-alanato)C12

Frequency Intensity
1307 1.3 m CH3 symm. def. 1342 1.08 m

1280 1.32 m
1232 0.49 w NH3 rock
1153 0.38 w CH3 rock, CCN out-phase str. 1226 1.11 m
1115 0.71 w 1188 1.04 m

1015 1.17 m NH2 wag and twist, CH bend 984 0.61 w
965 0.83 w

918 0.75 w CCN in phase str. +/- CC str. 926 0.61 w
849 1.07 m 856 0.91 w
772 0.67 w COG scissors 725 0.88 w
540 1.48 m COG rocking 602 0.90 w
409 1.35 m CCCN assym. def.
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Appendix A

Single Crystal Absorption Measurements

Absorption spectra can be obtained from small single crystals (diameter

> 0.2 mm) by utilizing the single beam spectrometer shown in Figure Al and

the sample holder diagrammed in Figure A2. The single crystal is mounted

over the aperture by applying a thin layer of vacuum grease or epoxy

surrounding the opening of the aperture. The holder is placed in the path of

the unfocused tungsten lamp. Transmitted light is collected by a lens

combination and dispersed through the Cary Model 15 double prism

monochromator and detected by the PMT. The signal from the PMT is fed into

the Keithley Picoammeter where it is converted to a voltage signal and

amplified. Incident intensity measurements are made by carefully removing the

crystal from the aperture repeating the original scan. A ratio of the two signals

is made, and the resultant data are corrected for the sloping intensity of the

black-body source. Semi-quantitative absorption parameters can be obtained

by applying the relationship In(1/10) = - ax, where a is the absorption coefficient

in units of cm-1, and x is the sample thickness in cm (obtained with a

micrometer). Absorption cross sections a, can then be obtained from the

equation a = a/N where is the density of electronic population in the ground

state with units of atoms/cm3 (Boltzman distributions may apply here).

Spectrometer control and data acquisition programs were written by Theodore

Alekel Ill.
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Figure Al. Single beam absorption spectrometer for single crystal measurements.
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Appendix B

Luminescence Measurements

Steady-state luminescence and excitation spectra may be measured

and digitally recorded in the wavelength and temperature ranges of ca. 250 -

5500 nm and 13 - 500K, respectively. Spectra are obtained on modular,

computer controlled spectrometers coupled to a variety of optical detection

devices. Schematic diagrams of the arrangements routinely used are given

in Figures B1-B4. Broad-band excitation is provided by 300W Xe, 300W

Xe(Hg), or W lamps filtered by appropriate combinations of glass* or solution

filters, or both, alternatively the light is dispersed through a computer-

controlled 0.4 meter double-prism monochromator. CW laser excitation is

provided by Ar+, Kr+, or He-Ne lasers (Spectra-Physics models 165, 164, and

135, respectively, check for plasma emission lines). For low-temperature

measurements, samples are mounted on a brass sample holder with non-

luminescent vacuum grease** and placed in a quartz emission dewar or on

the cold finger of an Air Products Displex closed-cycle helium refrigerator The

temperature is maintained on the Displex with a Lakeshore Cryotronics Model

DTC 500 cryogenic temperature controller, or by adjusting the differential He

gas pressure on the unit. Temperature of the cold finger can be monitored

with an Fe-Au thermocouple or H2 pressure gauge attached to the unit.

Luminescence is dispersed through a Spex 1402 0.75 meter double-grating

monochromator or an Oriel 0.125 meter monochromator and detected with an
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Figure 81. Schematic diagram of the modular luminescence/excitation spectrometer.
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RCA C31034 PMT (capable of single-photon counting or DC/pulse operation),

a Hamamatsu R1767 PMT (extended S-1 response, dry ice cooled), or an

R636 PMT. For detection in the NIR, a Spex PbS detector and a Judson J1013

lnSb photodiode are used. All detectors are adaptable to both

monochromator configurations. The Spex system can operate in single

photon counting or DC modes and is controlled by a Spex DPC-2 photometer

accessory. Alternatively, signals are amplified with a Keith ley 602 picoammeter

or Thorn EMI C632 or Judson PA-9 preamplifiers prior to digital conversion.

Lock-in techniques are employed to enhance S/N in NIR measurements with

the PbS cell and to selectively resolve overlapping emission bands of

nonequilibrated origins using PMT's as detectors. The signal is modulated with

a Stanford Research Systems optical chopper (SR240) placed in the excitation

path, and desired signals are captured with an Ortec Brookdeal 950e lock-in

amplifier.

* Glass filters contain a variety of chromophores and may luminesce.
** Some types of vacuum grease luminesce near 400 nm at low
temperatures, Cu conducting grease will ensure a superior thermal contact.
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Appendix C

Excited-State Decay and Time-Resolved Luminescence Measurements

Schematic diagrams of the modular apparatus used to obtain excited-state

decay data and time-resolved luminescence spectra are given in Figures C1

through C3. Data can be collected and digitally stored in the temporal,

wavelength, and temperature regions of 100 ns - 100 s, 260 - 1100 nm, and

13 - 500 K, respectively. In the wavelength region from 1100 - 5000 nm decay

times as low as 10 As can be recorded.

Excitation light originates from one of three different types of pulsed

laser systems - a Molectron MY-34 Q-switched Nd:YAG, a Molectron

Nd:YAG/Quanta Ray dye laser combination, or a Chromatix CMX4 flash-lamp

pumped dye laser.

For temperature-dependent measurements, samples are attached to the

cold-finger of an Air Products Displex closed-cycle He refrigerator.

Temperature control (13 - 500K) is maintained by a Lakeshore Cryotronics

Model DTC 500 Cryogenic temperature controller. Alternatively, samples are

mounted in a quartz dewar and cooled with liquid nitrogen.

Transient luminescence is collected at a near right-angle, filtered, and

dispersed through one of two monochromators - a SPEX Model 1402 double-

grating 3/4 meter monochromator or an Oriel Model 22250 1/8 m

monochromator. Luminescence is detected with one of three photomultiplier
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tubes - RCA C31034A (180 - 900 nm), Hamamatsu R1767 (400 -1100 nm), or

Hamamatsu R636 (180 - 930 nm). Weak signals are amplified by a Thorm-EMI

CS632 variable-gain amplifier. For the spectral region spanning 1100 - 5500

nm, an EG&G Judson Model J10D 1nSb detector is used for detection.

The transient signal is captured with a Tektronix 2440 digital storage

oscilloscope. The oscilloscope is externally triggered by deflecting a portion

of the excitation light (prior to the sample) onto a Thor labs Si photodiode

whose signal is fed into the external trigger input. Transient luminescence

signals are terminated directly into the 50 ohm input of the scope or across

a metal-film resistor (R1) placed in parallel with the 1M ohm input of the scope.

The resistor value (R1) is chosen such that the lifetime of the electronics is at

least ten times faster than the luminescence lifetime of the sample, = Reff

X C 5 0.1 TI, where Re = RI x Rseep./(R, + Rin) and C is the measured

capacitance of the PMT and cables, ca. 1010 farads for the R1767 and R636

tubes and 1.5 x 104 farads for the C31034 tube. Typically, signals from 2"

laser pulses at 100 -1024 points/laser pulse are stored and averaged with the

oscilloscope then transferred via a National Instruments GPIB board to a

computer for data analysis. Decay time data are evaluated by standard curve-

fitting routines such as MINSQ, Peak Fit, or Quattro Pro. Data acquistion

programs were written by M. Zahedi.

Time resolved luminescence data are obtained in an analogous fashion

with the same spectrometer. Decay curves for each wavelength increment are
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collected and stored. The monochromator is subsequently stepped over the

desired wavelength interval. Intensity data in the time frame of interest are then

extracted and analyzed.
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Figure C1. Modular spectrometer for the measurement of excited-state decay times and time resolved luminescence
utilizing the Molectron MY-34 Nd:YAG laser.



532 nm
Molectron MY-34

355 nm Q-Switched Nd:YAG
266 nm

Quanta Ray PDL-1
Tunable dye laser

Averaged
Signal

It
I GPIB I

Board

Computer

Displex
Closed- cylcie

He Refrigerator

Coldfinger....................... ".
: ..

:. \ Sample

(cut off)

Tektronix
4220

(
Photo-
Diode

Trigger

Stepper
Motor

Digital Storage
Oscilloscope

1 Filter

R(1) (optional) Monochromator
Spex 3/4 m

or
Oriel 1/8 m

Stepper
Motor
Driver

111.

Vw Signal Pre-
Amplifier

Detectorl_

(optional)

Power
Supply

Figure C2. Spectrometer for measurement of excited-state decay times using the Nd:YAG/dye laser combination
providing tunable radiation.



l I

Chromatix CMX4
Flash lamp dye laser

Averaged
Signal

i
I GPIB I

Board

I

K Tektronix
4220

Digital Storage
Oscilloscope

Displex
Closed-cylcle

He Refrigerator

0 ........................ ... Coldfinger
i ..

/ \ Sample
i ...

Photo-
Diode

Computer

R(1)

Stepper
Motor
Driver

IMI

(optional)

Trigger

Stepper
MOtopr

V. Signal

\ ''..........."

Filter (cut off)

Monochromator
Spex 3/4 m

or
Oriel 1/8 m

Pre-
Amplifier
(optional)

Detectori__ Power
Supply

Figure C3. Schematic diagram of a spectrometer used for measurement of transient luminescence employing the
CMX4 flashlamp pumped dye laser. r.

c ,..)



144

Appendix D

Relative Efficiencies of Optical Second Harmonic Generation

A Molectron MY-34 series Q-switched Nd:YAG laser is employed for

determination of second-harmonic generation efficiencies. A schematic

diagram of the apparatus is illustrated in Figure D1, the sample compartment,

designed by members of Professor J. Niblers group, and filter train is

diagrammed in Figure D2, and a schematic of the sample holder appears in

Figure D3. The laser is configured to operate at A = 1064 nm with a 10 ns

pulse width. The beam is isolated with Corning 7-59 filters (80% transmitting

(T) at 1064 nm, 0% T at 532 nm) and passed unfocussed through the sample.

Unconverted 1064-nm light is reflected to a beam stop by a 1064-nm

reflecting, 532-nm transmitting dichroic mirror. Light at 532 nm generated by

the sample is isolated with a Corning 7-60 filter (80% T at 532 nm and 2% T

at 1064 nm) and detected with an RCA 1P28A PMT negatively biased at 650

V, Figure D1. The signal from the PMT is monitored with a Tektronix 2440

digital storage oscilloscope, and integrated signals from 28 laser pulses are

stored and averaged. The integrated intensity of the sample is compared to

that of KDP obtained in a similar manner. The ratios of intensities from

KDP/Quartz, 4/1, and NdSc3(B03)4, 2/1, are used as secondary references.

Fluctuations in incident laser-beam intensity are monitored by directing a
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portion of the fundamental beam onto a Thor labs DET-2 silicon photodiode.

The signal is simultaneously monitored with that of the sample on the

oscilloscope.

A tunable pulsed dye laser is used for determination of SHG

efficiencies with fundamentals in the visible by following the procedures

described above (cf. Figure D5). Laser radiation at 532 nm is obtained from

the Molectron MY-34 by internally doubling the fundamental 1064-nm laser

light with Type II KDP crystals. The 532-nm light is used to pump a Quanta

Ray PDL-1 dye laser charged with the appropriate dye. Alternately, the

Chromatix CMX4 flash lamp pumped dye laser can be used.

Crystalline samples are prepared in desired ranges of particle sizes by

using NIST standard sieves. Typically, crystals ranging in sizes from 100 - 200

Am are used for the measurements. The samples are held between two glass

plates within a space of fixed thickness.
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