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ISOSBZSTIC POINT AND TEMPERATURE DEPENDENCE
OF THR V2+VL RMAN COMBINATION FROM LIQUID WATER

G. I. Wilrafen. K. S. Hokmabadi. and W.-H. Yana*
Chemletry Department
Mk ovd UnLversity

Washingon, DC 20059

ABSTRACT

A new component has been found near *2050 cm-, in the Raiman

spectrum of liquid water. This component refers to the two-

phonon combination 14 * 14 (where 2 refers to intramolecular

bending. and L to libration). but the Ja and ;. fundamentals

involved in this two-phonon component arise from H8O molecules

hydrogen-bonded to 3. rather than to 4. nearest neighbors. The

Vs bending fundamental from 3-bonded HaO molecules was also

uncovered. The new Rauan data are in excellent agreement with

published Infrared data and theoretical calculations.

K>. T4
S TAl

! .1U) .1

' 5 '* */ ,~



INMRODUCTION

A weak, broad vibrational band from liquid water whose peak occurs near

2100 cm"- was previously examined by Raman [1) and infrared (21 spectroscopy.

This band is structured and displays a hLRh-frequency shoulder near 2300 cm- 1 .

It has generally bem assigned as a two-phonon sum band, v+vL., where v 2 raters

to tie intramolecular v2 A1 bending fundamental at 1650 ca , and VL referm

to one. or more. of the three intermolecular librations of water (31.

The previous infrared study involved temperatures from 5 to 75C,

El) but the Raman investigation was conducted at room temperature. (21 Hence,

it was desirable to extend the Raman work to include a similar range of

:eeraturse, 3° to 95eC. However, other recent Raman investigation. of

water (4.31 involved absolute intensity meauremnts, and thus such absolute

masuremmts were also carried out here. In addition, Raman measurements

were performed for the depolarized and polarized geometries. X(ZX)Y and

X(ZZ)Y. respectively.

The results of the new Raman investigations follow.

EXPERI IMTAL PROCEDURES

Procedures employed to obtain absolute Raman intensities were described

tn Refs. (4.5). The same procedures, which involved the use of Newton's

rings for cell alignment, were employed here with the J. Y. HG2S double

moochromator. However. a new Raman cell was used with a much sore rigorous

method of water purification.

The new three-window Raman cell onstead of

staLnless-steel (4.51. The tntertora welrwolackeh-e4 b-y-oxidation. This

procedure virtually eliminated the possibility of optical reflections from

the cell walls. The in-line windows of this new cell were also placed farther

apart (18 ca), which moved the blaze of the laser beam far from the vicinity

of the 90-degree viewing window.

The more rigorous water purification involved distilling the water

(already highly purified) directly into the Raman cell. The water was

purified by two methods prior to Jcltillation into the ceLl: (1) triple-

distillation in an all-quartz %till. and (2) passage under pressure through

three colums; the first concainint activated carbon. the second de-ionizing

materials, and the third O.i pa ititlpore filters. The second method was



found to be preferable for removing dust.

Distillation Into the Raman cell was accomplished using an all-plass

entrapment line 1 meter in length. This line sloped upward at 45 degrees to

the URame call and contained two steam traps in series. The traps and the
upvmrd slope effectively removed dust from the water. However, precautions
als bad to be taken to prevent dust-laden air from leaking into the Raman

call. (The Roe cell and all of its parts were washed In detergent solution
and then boiled in triple-istilled water for 3 days prior to use. This

procedure prevented fluorescence by removing plasticizers from the "0" rings.)
The quality of the water in the Raman cell was tested by viewing the

focuesed laser beam in the filled cell through the 90-degree window. After 15
ommeetive distillations into the cell, one dust particle was observed to

fall tkrung a 2-cs length of the horizontal Laser beau in 5 minutes. Under
these conditions the green 514..5 no Rayleigh light plus the red Raman light

from the 05-stretching vibration were visually superimposed on the cell back-

ground, which was black.

A dutont 310 Curve Resolver (a special purpose analog computer) was

employed for Gaussian analybis i~f the structured 2100 cam contour.

Rema spectra corresponding to depolarized X(ZX)Y and polarized X(ZZ)Y
- -Lorientations are shown for the 1000 < a' 2600 ca region in figs. 1

end 2, respectively. Each figure contains two spectra, obtained at 3"

and 95*C, which are comparable in terma of absolute Intensities.

The following effects are evident from examination of the figures:

() the X(ZZ)Y and X(ZZ)Y spectra cross at 2060 co- and at 2025 cm-1
respectively. in the v 2 +vL combination region. (2) the '+VLpeak frequencies

and total contour incesitie decrease with incresing temperature, (3) the

V 2 beading intensity at 1650 co- increases with temperature rise for the

depolarisod X(11)1 case. whoe.%* just the opposite temperature dependence,

iL.. a decrease io intensity. to evident for the polarized X(ZZ)Y case, and
(4) the 3me intensity at 1300 co-1 decreases (for both polarization*)

with increase of temperature. ind is larger, relative to the 1650 co-
intensity, in the I(ZZ)Y spectrum, thus indicatinq polarization.

The crossings evident in visa. I and 2 at I* and 95*C are shown in
more detail in figs. 3 and 4. whore 311 of the ,vLspectra of the

3*-95*C series are shown.



From examination of Figs. 3 and 4 it is evident that the crossings

of Figs. 1 and 2 are part of a more general phenomenon, namely, exact

isosbestic points at 2060 cm-  and 2025 cm- 1 for the X(ZX)Y and X(ZZ)Y

geometries. Other exact isosbestLc points were reported recently for the

OH-stretching region [4.51.

Peak frequencies obtained from the X(ZX)Y and X(ZZ)Y spectra of Figs. 3

and 4 for the v2+VL contour are plotted versus temperature in Fig. 5. These data

are adequately represented by a linear least squares equation. and the peak

frequency is seen to decrease with increasing temperature according to:

( -0.87 t(OC) + 2141. Draesgert et a. also observed a decrease

in the v2+VL peak frequency in the infrared spectrum with rising temperature (21.

They reported a slope, Ay/AT, of -0.9 + 0.14 cm'/*C, in excellent agreement

with the prement slope of -0.87 cm'/C.

The v24 VL Ramen contours corresponding to the X(ZX)Y and X(ZZ)Y orienta-

tion were next decomposed by means of the duPont 310 analog computer using

Gaussian components. Three Gaussian components were required to obtain

acceptable fits, whereas unacceptably large residuals of 10-202 resulted

when only two components were used. The peak frequencies employed for the
-l -l

three components were: (1) 2050 + 10 cm . (2) 2L50 + 5-10 ca , and (3)
-l

2300 ± 25 cm . The component half-widths for the X(ZX)Y case were,
-l -1 -l

respectively. 200 cm 1. 250 cm and 250 cm . All half-widths for the
-1

X(ZZ)Y case were 200 cm . A typical decomposition is shown in Fig. 6.

The sum of the integrated intensities of components 2 and 3. 12+t 3

was divided by the integrated intensity of component 1' 11, and the

ratio (12+13)/I was plotted logarithmically versus T . The results for

the two polarizations are shown in Fig. 7.

The data of Fig. 7 were treated by linear least squares (heavy lines),

i.e., .. n[(I 2 + 3)/1 11 - -(IN*/RT) + constant. the X(ZX)Y and X(ZZ)i data

yielded slopes corresponding tu jM* values of -2.4a and -2.47 kcal/mol OHO.

respectively.

The error bars shown In Ft. 7 refer to analog decompositions involving

both lLaer and curved (upwardly ,oncave) baselines. The use of an

upwmrdly concave baseline, an opposed to a straight baseline, however, only

produced a general vertical dimpl.ement if the data. but no sianificant

change in slope. Hence. no change in the "H* values resulted from the two

types of baselines employed. and tOe error bars %hown o not represent the

* tI '- - *'j* Li ,-Li.' ,. - 's S. -. " '- -,- . p-- . -. -" p. . -. -. - . -. , - "-• . , .



errors In the slopes. A value of -2.5 ±0.1 kcal/mol OHO was

obtained from analysis of the Individual data sets, and Is

considered to represent the data of Fig. 7 adequately. This

value is In excellent agreement with enthalpy values presented

recently, see Table 11 of Ref. (5).
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INTERPRETATION

A. Spec:ral Effects.

The isosbestic points observed in the X(ZX)Y and X(ZZ)Y

spectra indicate that the ; + IA contour contains sub-structure

involving HB and NHB components (4,51. The decrease in the peak

frequency with temperature rise is also indicative of an increase

in the intensity of the 2050 cm-' NHB Gaussian component (as

revealed by ccmputer analysis). relative to the sum of the 2150

and 2300 cm-' HB components. The concomitant decrease in the

total contour intensity .ith temperature rise is similar to that

been pre% o, siy ;" .. ,. r-- " tching :,nrtour [5.61 and occurs

'.hen an HB cornpirent ib repiaced by an NHB component having a

sin:iller molar .nt,:asit-. ?,..ause the total contour intensity is

a linear umbination f *he HB arid :,HB component intensities

irt ;lved. --t plot ,f ".be t irai conltur intensity is riot very

informative and -. as not shown here, although such data were

a jalable.

The opp,,site temperature dependences of the \(ZX)Y and

Y*(ZZ)'. spe t:a it '0 m-' s :i ne,; effect. Here, the polarized

HB bending component is ,inresolved from the more highly

depolarized NHB bending component. Previously published computer

analysis indicated that the :.mponent peak frequencies, that is,

the peak frc4uencies of the t .o bending components, differ by

only =15 cm-1 1ll. riowe , r, tne opposite temperature dependences

It )A t. c r, ed I ro i-le n.. in it m;rnpclling o% ilJence for t~o

beclOing itnp nricnts tn i " , ., i. ' s san ,'I", mpositii ot'

-lie, 9*

=g, r , 'L t J .,,1.,r=.,',J, r= = .J*,=W..W, w, w,,e ,' '_ , -- ', , .W'=r, '. '_,.',.'., ,P'W' .- ',''.%.- ',t:, .g'g. ".....,,=,%'. "- "r ".;. ".,'U



spectra corresponding to a single temperature.

The mechanism which gives rise to two spectral classes of

components, HB and NHB, is discussed next.

B Mechanistic Considerations.

Consider that an H20 molecule is tetrahedrally surrounded by

four nearest-neighbor H2O molecules to which it has formed four

equal (in length, angle, etc.) hydrogen bonds, one for each of

its two protons, and one for each of Its two lone electron pairs.

Under these circumstances the point group symmetry of the central

HzO molecule is Czv and its J2Ai bending vibration is strongly

polarized, Figs. (1) and (2). and Ref. (T. However, the point

group symmetry must decrease when one of the four hydrogen bonds

is broken (e.g., severely benct and/or stretched). Refs 15,81.

(Further, a broken hydrogen bond which involves one of the

protons of the central HaO molecule is more important, for the

present discussion, than the hydrogen bonds formed by the lone

pair electrons, because that breakage decouples the OH stretches

of the central H2O molecule and lowers the symmetry to Cs.) The

,P vibration for a Cs H2O molecule must still be polarized, of

course, but now the ,z depclarization ratio for the Cs molecule

can be different from the P2. depolarization ratio for tne Civ

molecule. For example, Y can increase, provided that it remains

less than 34. (The depolarization ratio, , is equal to

I[X(ZX)YI /I[X(ZZ)YI.) Hence. nh drogen bond rupture is clearly

captable of producing two lnresoived P vibrations whose
4.-

properties, i.e., depolarization ,.ttKS. pcak frcqu.-n . : d-.
a,,

haif-widths, are different i I. 4,

V PV4 '~ 9 .~4. @'# V
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When separate 4-bonded and 3-bonded structures exist In

liquid water, it Is obvious that the polarized 7tAi HB bend will

only couple strongly with its corresponding 4-bonded HB

librations, or which there are three. The more highly

depolarized (but still polarized) PA' bend (the prime refers to

the plane of the Cs HzO molecule) will only couple strongly with

its 3-bonded libratlons, again 3 in terms of degrees of freedom.

(These libratlonal bands may be unresolved.) Hence the two

couplings described provide the mechanism for producing pure HB

and pure NHB two-phonon combination or sum bands. Stated

alternatively, one would expect to see two classes of librations,

with three broad components for each class, two classes of

intramolecular bends, and two classes or two-phonon combination

tones, with one class referring to HB or 4-bonded interactions,

and the other class to NHB, i.e., 3-bonded (or fewer),

interactions. Furthermore, one would also expect to rind

opposlte temperature dependences of the Intensities of these two

classes.

An important mechanism leading to the formation of 4-bonded

and 3-bonded structures in liquid water has recently been

proposed by Giguere and Pigeon-Gosselin (81. In the Giguere

model, an HaO molecule is surrounded tetrahedrally by four HzO

molecules to which it is fully hydrogen bonded by linear hydrogen

bonds. A partial rotation of the central HzO molecule then

occurs such that a bifurcated structure results between one

proton of the central HzO mol2cule ind two oxygen atoms of the

neighboring HaO molecules. The )-H-0 angle deviates markedly

-~t -



from 180* fog hydrogen bond in the bifurcated structure. The
A

other proton Is unaffected and remains hydrogen bonded. (The two

hydrogen bonds involving the two lone electron pairs of the

central oxygen atom could also be bent. But the strain from this

bending could be relieved, e.g.. by change in the sp3

hybridization.) The bifurcated structure is considered to

correspond to a shallow potential minimum between two adjoining

deeper minima, and it is thought to result In equal HO(a) and

HO(3) distances in the 0,)-H :,structure. The HO() = HO(3)

distance of this structure Is 2.4A, and this value agrees exactly

with the HO distance inferred by Walrafen et al. 151, who

estimated NHB 0-H 0 distances and angles for liquid water from

vibrations of vicinal surface silanol groups [5]. The O-HO... 0

angle in the bifurcated structure may be as small as 150O [5.

which is equivalent to producing a 3-bonded structure because
.e

such a small angle is equivalent to breaking the hydrogen bond.

The relevance of the Giguere model to the present data is

obvious. A rotation giving rise to a bifurcated structure. with "
°.

its corresponding potential minimum, would lead to a libration in

which one proton of the :entrai H2O molecule would be in an

entirely new and greatly xeakened force field. Only three

hydrogen bonds would restrain the rotation, as opposed to the

original four. Hence, a lowering of all three librational

frequencies would be expected. The model is also ery reievant

to the restricted translations f !;quid -,ater. i.e.. to 0-0

stretching of hydrogen-bondel - , :

The partial covalency A. 'irge transfer .kithir, lin, ar



hydrogen bonds, decreases when the O-ff...O angle decreases below

180* 151. Therefore, oscillations of the H atom about the

equilibrium HOa = HO(3) distance of the bifurcated structure

would preclude the type of Raman scattering produced by the

partially covalent harmonic force field of linear O-H...O units.

C. Anharmonicity, and Estimation of the 3-Bonded Librational

Freauency.

A weak Raman band is evident in Figs. (1) and (2) near 1300 cm- I see

also Ref. (I). The qualitative polarization of this band requires that it be

reassigned (1) to the overtone of the 720-740 cm- HB libration. (The

720-740 cm-  feature refers to the out-of-plane libration of B1 symmetry.

Note that B x B = A, which requires the overtone to be polarized.

The libration around the C2 axis. A2 . occurs at 425-450 cm . The in-plane

libration occurs at 550 cm and its species is B2 (91 .) The overtone

assignment of the 1300 cm - band corresponds to an anharmonicity of about

12%, which is shown to agree with the anharmonicity of the fundamental

3-bonded librat ion.
-1

The Gaussian component at 2130 cm , component (2), adjoins component
-i

(1) at 2050 cm . Component (2) almost certainly corresponds to the sum

of the two HB fundamentals, the v2A1 bend at 1650 cm- , and the libration
-I.

at 550 cm The anharmonicity for this intramolecular-intermolecular

sum combination is 2.3%. The value of 2.3% is then assumed to apply to
-l

component (1) at 2050 cm , beciuse of its nearness to component (2).

On the basis of this assumption. oiponent (1) must correspond to the sum
-1 -l

of the observed frequency, 1650 cm , plus the calculated frequency, 447 cm ,
- -l

But the difference between the jberved frequencies of 2050 cm I and 1650 cm
-I

is only 400 cm . Hence, the 3, '.bratioinal anharmonicity is 12%, in

agreement with the overtone vatie.

We
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Next consider that component (3). the v 2+VL HB component at 2300 cm-£

arises from the sum of the t650 c -I, 2A1 and 720-740 cm- 1 B2 fundamentals.
-1

Here, the anharmonicity is ^. 3.5. However, the difference between 2300 cm
-n 65 m1 -s60 m1 -1

and 1650 cm-' is 650 c , whereah the observed librational value is % 730 cm ,

thus corresponding to 12% anharmonicity.

Finally, a similar calculacion for the 2150 cm- 1 HB component assuming
-I -I

that it is the sum of the 1650 cm and 550 cm fundamentals yields an

anharmonicity of 101 for the in-plane 82 libration.

The most important conclusion of the preceding considerations is that
-t

a frequency value of , 450 cm results for the 3-bonded libration. This
-l

frequency agrees with the theoretical value of 450 cm obtained by Curnutte

and Williamsf1O]. Moreover, the 450 cm- 1 3-bonded libration almost certainly

refers to the in-plane B2 motion of an H 20 molecule restrained by a hydrogen

bond to one of its protons, and hv two hydrogen bonds to its two lone

electron pairs.



ADDENDUM
-11

Absolute Rman intensity measurements were conducted in the frequency

region of n- 3725-6000 c - 1 , i.e., at the high-frequency foot of the intense

OR-stretching region and above. A weak, broad Raman contour was observed

whose maximum intensity occurs near 4000 + 10 cm at 3"C, cf., Ref. [1].

This intensity maximum is preceded by a minimum, or at least a region of

sharp upward concavity near 3900 cm . High-frequency asymmetry is also-l
present extending at least to 4600 cm

When the temperature of the water is increased to 930C, a filling-in

of Raman intensity occurs near 3910-3930 cm-1. This effect causes the

contour to appear to be broadened, and this filling-in was confirmed by

Raman difference spectra. An upward frequency shift of about 50 cm- is also

present in the contour maximum.

The 4000 cm contour was previously decomposed into two Gaussian

components at 3990 + 25 cm- and at 4170 + 50 cm- 1 (1). The 3990 cm-1

component was assigned to the combination v1 +v L ( 2), i.e., to 3450 +

550 cm , and the 4170 cm component was assigned to v +VL (B1) or 3450 +

730 cm-1 (1). Both assignments involved HB components.

The filling-in near 3910-3930 cm observed from difference spectra,

indicates that a high-temperature component may exist whose frequency is

about 70 cm-1 less than that of the Gaussian (peak) component at 3990 cm
-

This component, however, cannot be assigned to the sum of the 3450 cm-

HB component and the 450 cm- I NHB librational component because such an

assignment would not allow for anharmonicity. However, an assignment

involving only NHB components is reasonable, e.g., 3620 + 450 cm- , where

the 3620 cm- component refers co NHB OH-stretching (dangling OH group) (3),
_l

and the value of 450 cm refers to the 3-bonded or NHB libration of B2

type.
JS
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Fig. 1. Abolute R m spectra. depolarLaed, x(ZX)Y orLetataLod,

te Liquid ter in the reOLoN from LOO c.- L to 2500 ce "! at 10

siJ 950C. The inteme bending peak has a largero apitude at 9aOC

than at 3c. ee the upper of the co superispesed peaks at 1650 ce-.

Aleo the 95°C spectrum crosse the )°C spectrum at 200 Ca I (and Rest

1175 cm ). A filling-in of the minimum near L650 co- ' thus result*

with risig temperature.
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2060 cm"
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95C
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fig. 2. AbOOlute IANWes Spectre, poLarized, X(ZZ)Y orientation, for liquLd

reter in the region fm 1000 cm " Ito 2500 Cis at 30 and 95°C. A-1 -L

crossing occurs at 2025 Ci- I (and also near 1900 ce , see Fig. l).

Note that the beodlng peak at 1650 cm- l is weaker at 950C tham at

3°C for this orientation, whereas just the opposite effect occur* for

the I(ZZ)Y orientation, Fig. I.
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Fig. 3. Absolute Ias pectra, depoLarized, 1(ZJC)Y orientation, for

liquid waer in the region fro" 1800 cm- I o 2600 cm- for five

temperatures from 30 to 950C. Note the isosbescic point at 2060 cm-
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Fig. 4. Absolute Raman spectra, polarized, X(ZZ)Y orientation, for

liquid vater in the region fror. 1800 cm to 2600 cm for five

temperatures from 30 to 95°C. An isosbestic point occurs at 2025 cm

which is 45 c- I below the X(ZX)Y isosbestic point, Fig. 3. A subsidiary

point also occurs near 1900 cm
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Fig. 5. Shift in the position of the peak of the two-phonon, bending

plus librational Raman contour froa Liquid water as a function of

temperature from 30 to 95°C. Least square equation shown on the figure.

Diamonds, X(ZX)Y, and circles, X(ZZ)Y, orientations.
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Fig. 6. Typical 3-Gaussian analysis of the two-phonon, bending plus

librational Raman contour for liquid water using a baseline (dashed)

which is upwardly concave. Component I is a NHB component whose

intensity rises with increasing temperature, whereas the HD components

2 and 3, show the opposite temperature dependence. Polarized, X(ZZ)Y

orientation, 49 Oc.
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Fig. 7. The ratio Ine/luas on a logarithmic scale versus 104/T

for liquid water from 30 to 95 oC. INm is the integrated Raman

intensity of component 1. Fig. 6. and Ins is the sum of the

Integrated Intensities of components 2 and 3. The extremes of

the error bars refer to different baseline curvatures as

discussed in the text. The lines shown through the data refer to

least squares. The AHO values shown refer to the enthalpy of

formation of O-H...O units.

U



8:

34-

6.

04

2-
LJ4=-2.47 had/"Mo 00M

26 28 3032 3436 38
104/T



OL/1113/87/2

TECHNICAL REPORT DISTRIBUTION LIST, GEN

Na. No.
copies Copies

Office of Naval Research 2 Dr. David Young I
Attn: Code 1113 Code 334
SOO N. Quincy Street NORDA
Arlington, Virginia 22217-5000 NSTL, Mississippi 39529

Dr. Bernard Daude I Naval Weapons Center 1
Naval Weapons Support Center Attn: Dr. Ron Atkins
code SOC Chemistry Division
Crane, Indiana 47522-S0 China Lake, California 93555

Scientific Advisor 1
Naval Civil Engineering Laboratory 1 Comandant of the Marine Corps
Attn: Dr. R. W. Drisko, Code L52 Code RD-1
Port 4us emme, California 93401 Washington, D.C. 20380

U.S. Army Research Office 1
Defense Technical Information Center 12 Attn: CRO-AA-IP
Building 5, Cmeron Sttion high P.O. Box 12211
Alexandria, Virginia 22314 quality Research Triangle Park, NC 27709

Mr. John Boyle 1
DTNSRDC 1 Materials Branch
Attn: Dr. H. Singerman Naval Ship Engineering Center
Applied Chemistry Division Philadelphia, Pennsylvania 19112
Annapolis, Maryland 21401

Naval Ocean Systems Center 1
Dr. William Tolles 1 Attn: Dr. S. Yamamoto
Superintendent Marine Sciences Division
Chemistry Division, Code 6100 San Diego, California 91232
Naval Research Laboratory
Washington, D.C. 20375-5000

I&Ie_ I .- I - ed-ItZ M F d



0L/1113/87/2
ABSTRACTS DISTRIBUTION 

LIST. 051A

Dr. M. A. El-Sayed Dr. Carmen Ortiz
Department of Chemistry Consejo Superior de
University of California Investigaciones Cientificas
Los Angeles, California 90024 Serrano 121

Madrid 6, SPAIN
Dr. E. R. krnstein
Department of Chemistry Dr. Kent R. Wilson
Colorado State University Chemistry Department
Fort Collins, Colorado 80521 University of California

La Jolla, California 92093
Dr. J. R. MacDonald
Chemistry Division Dr. G. A. Crosby
Naval Research Laboratory Chemistry Department
Code 6110 Washington State University
Washington, D.C. 20375-5000 Pullman, Washington 99164

Dr. G. B. Schuster Dr. Theodore Pavlopoulos
Chemistry Department NOSC
University of ll lno*s Code 521
Urbana, Illinois 61801 San Diego, California 91232

Dr. J. B. Hal Dr. John Cooper
Depar of Chemistry Code 6173

University Naval Research Laboratory
&hngton, D.C. 20059 Washington. D.C. 20375-5000

Dr. M. S. Wrighton Dr. Joseph H. Boyer
Department of Chemistry Department of Chemistry
Massachusetts Institute of Technology University of New Orleans
Cambridge, Massachusetts 02139 New Orleans, Louisiana 70148

Dr. W. E. Moerner Dr. Harry D. Gafney
I.B.M. Corporation Department of Chemistry
Almaden Research Center Queens College oF CUNY
650 Harry Rd. Flushing, New York 11367-0904
San Jose, California 95120-6099

Dr. A. B. P. Lever
Department of Chemistry
York University
Downsview, Ontario
CANADA M3JlP3

Dr. George E. Walrafen
Department of Chemistry
Howard University
Washington, D.C. 200S9

Dr. Joe Brandelik
AFAL/AADO- 1
Wright Patterson AFB
Fairborn, Ohio 45433

-. *., .1



moo


