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SIMULTANEOUS DETERMINATION OF MOLAR ABSORPTION COEFFICIENTS AND
EQUILIBRIUM CONSTANTS FOR MONOMER-DIMER EQUILIBRIA

1. INTRODUCTION
Metal complexes of tetrasulfonated phthalocyanine (TSPC, figure 1), like
Y other water-soluble dyestuffs, aggregate in aqueous solution.! The formation of

the dimer has been the subject of repeated studies for a variety of transition-metal
complexes with TSPC.?®

R = SO, Na (TSPC)

3 RN
M =Co**; cu*t
b i Figure 1. Structure of Metal Phthalocyanines

' 4 The equilibrium constant for formation of a dimer is conveniently obtained

' spectrophotometrically since TSPC complexes absorb strongly in the visible region.
All of the methods employed in the past to determine the dimerization constant of
TSPC complexes spectrophotometrically required that the spectrum of the pure .
monomer be known. This spectrum is obtained by successive dilution of a dye
solution until Beer's Law behavior is obeyed. In practice, there is a limit where
the absorbance of the solution is too small to measure precisely. Frequently, the
dye is diluted in alcoholic-aqueous solution to foster monomer formation. In addition,
further approximations on the nature of the dimer spectrum are made,”® or the
absorbance is measured with large amounts of monomer in solution to facilitate mathe-
matical approximations.” In the latter case, Reynolds and Kolstad® contend that
as much as 80% uncertainty can be introduced in the value of the dimerization

constant.
¥

This report describes results for 8 more general scheme that we devised
based on a method introduced by Monahan in 1970'° in which a nonlinear least-
squares program computes best-fit molar absorbance coefficients for both monomer
and dimer simultaneously from absorbance measurements over a range of dye concen-

trations. The method is illustrated with cobalt (11) tetrasulfonated phthalocyanine -

(CoTSPC) as the dyestuff.
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2. MATERIAL AND METHODS

2.1 Preparation of [20H,31H-phthalocyanine-2,9,18, 23-tetrasulfonato(2-)-
n28 N30 31 N32) cobalt (CoTSPC).

This material was prepared by the method of Weber and Busch!? using the

v sodium salt of 4-sulfophthalic acid, ammonium chloride, urea, ammonium molybdate,

, and cobalt sulfate heptahydrate in hot nitrobenzene. The purification procedure for
! this 0.05-mol scale reaction differed slightly from the published method. The crude,
' dark-blue product was broken apart with a spatula, rinsed with 400 ml methanol,
and was finely ground in a mortar. The resulting blue powder was dissolved in
1.1 1 of IN HCI] saturated with sodium chloride to give a deep blue slurry that was
heated to reflux briefly, then was cooled to room temperature and filtered. The
air-dried product was dissolved in 700 m! of 0.1N sodium hydroxide, heated to
80°C and filtered (no residue). Sodium chloride (270 gm) was added to salt out
the product. This slurry was heated with stirring at 80°C for 3 hours while
ammonia evolved. Upon cooling to room temperature, the product was isolated by
filtration. This reprecipitation was repeated twice and the final precipitate was
washed with 1.8 1 of 80% aqueous ethanol to remove occluded NaCl. A convenient
final purification was achieved by washing the blue powder in the thimble of a
Soxhlet apparatus with hot 95% ethanol for 18 hours. The product was then dried
in vacuo for 2 days to give 22.0 gm (54%) of the desired CoTSPC as determined
by UV-VIS spectroscopy._

2.2 Spectrophotometric Measurements.

All spectrophotometric measurements are made with a Beckman Model 25 UV-

VIS Spectrophotometer using a cell with a 1-cm path length. The CoTSPC solutions

‘ were equilibrated for at least 30 minutes in a water bath that was also connected
. to the cell compartment of the instrument. The solution was transferred to the

spectrophotometer cell and allowed another 3 to 5 minutes to equilibrate. The tem-

perature of the solution was recorded with the thermocouple in the cell compartment

that is integral to the spectrophotometer. This thermocouple was calibrated against

an NBS thermometer. The water bath kept the cell compartment temperature within

+0.1°C.
2.3 Determination of Molar Absorption Coefficients.
The absorbance of a solution in a l-cm cell containing only monomer and
dimer is
A= ¢y (M] + D (D] (1)
where
]
3 s A = absorbance
&: = molar absorption coefficient, monomer, M em™?
e = molar absorption coefficient, dimer, M em™?
{M] = monomer concentration, M
! [D} = dimer concentration, M.
B 8
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The equilibrium between monomer and dimer is

i
]
|
|
1

g = 21 (2)

[p1) 2
where K = dimerization constant, M 1.

The total concentration of CoTSPC ({Co]) is

[Co] = [M] + 2 [D] 3)

| Equations 2 and 3 can be combined to give the monomer concentration in terms
I of total CoTSPC as

M] = -1+ 1 + 8K [Co] (4) 1

4K

With equations (2) and (4), one can rewrite equation (1) in terms of the experi- 1
mentally accessible total concentration of CoTSPC as .

A = » (—1 +4J1 + 8K [Co]) + ep Col _(1 +\I1 + 8K[COI) (5)

4K 2 4K

A series of solutions with different CoTSPC concentrations was made from
aliquots of four stock solutions of CoTSPC. The absorbances of these solutions ]
were measured at a given wavelength after temperature equilibration. A nonlinear

. least-squares program'? based on the Gauss-Newton technique was used to fit the
! measured absorbances versus CoTSPC concentrations to equation 5. The program
found best-fit values of ¢,,. . and K and also recalculated the absorbances
with these best-fit values. ' Thé absorbance measurements were then made at dif- 1
ferent temperatures. DMean values of the best-fit €y and ¢ were determined
from all the experiments. These values were fixed and equation 5 was used to
find best-fit values of K for each stock solution and temperature.

The monomer's molar absorption coefficient was also measured by diluting
CoTSPC in 20% (by volume) ethanol-water solutions until Beer's Law behavior was
observed. Equation 5 will approach H

A = ¢, [Co] (6) y
where 8Kk[Co] <«<1, since (1 + 2x)% z (1 + x), when 2x <«<1, }
3. RESULTE AND DISCUSSION ﬁ
3.1 CoTSPC Spectrum in Water. ]

Figure 2 illustrates spectra of a 1.17 x 10 S solution of CoTSPC between
600 and 700 nm that was heated to 70°C and allowed to cool to room temperature.
The shoulder near 620 nm grew and the peak near 660 nm decreased as more dime.
formed at the lower temperature. The presence of the isosbestic point at 634 nm
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Figure 2. Decrease in Absorbance at 662 nm of CoTSPC and Formation
of Isosbestic Point at 634 nm on Cooling
to Room Temperature from 70°C
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was taken as evidence that only monomer and dimer existed at this concentration.
To avoid interference from higher aggregates, subsequent stock solutions were
made no more concentrated than 1.2 x 10" M.

3.2 Monomer Spectrum by Dilution in Ethanol-Water.

In order to estimate a molar absorption coefficient for the pure monomer,
1-ml aliquots of a stock solution were diluted to volume with a 20% by volume
ethanol-water solution in a series of volumetric flasks. The shoulder near 620 nm
disappeared and one nearly symmetrical peak centered at 662 nm remained as the
solutions were diluted. Table 1 lists the absorbances recorded at the peak heights
along with the corresponding molar absorption coefficients. Since it was necessary
to use the 0.1 absorbance full-scale setting, the absorbances for the 25-, 50-. and
100-ml dilutions were remeasured to test the reproducibility of the instrument.
These results are also listed in table 1.

Table 1. Maximum Absorbances for CoTSPC Diluted with
20% by Volume Ethanol-Water*

Dilution [CoTSPC] A ¢ Ax¥ :
M (x 100 M lemT (x 107%) M lem ! (x 109

1:10 11.5 0.112 0.98 —_— —

1:25 4,60 0.0472 1.03 0.0479 1.05

1:50 2.30 0.0242 1.06 0.0243 1.06

1:100 1.15 0.0113 0.99 0.0117 1.02 ; i

1:250 0.46 0.0041 0 92 — —

* 1emceell; A = 662 nm

** Measured absorbance for second trial with same solution.

_,, One can see that the molar absorption coefficient is constant for a
2 x 10 "M solution within the precision of the experiment. Table 2 lists results
for a series of solutions prepared from 1-ml aliquots of stock solutions diluted with
the ethanolic-water solution into a 50-ml volumetric flask. The mean molar absorp-

tion coefficient at 662 nm is 1.05 + 0.02 x 10°M lem ™!, the error expressed as the

sample standard deviation for the eight solutions. Other reported values are
5 1
1.03 x 10

the absorbance was constant, and 1.2 x 105M-
by dilution in ethanol-water solution.

at 2 = 663 nm, ’? determined by heating a water volution until
1 1

M_lcm_

em ~at X = 663 nm.'* determined

11




Table 2. Molar Absorption Coefficients of Monomeric CoTSPC
in 20% by Volume Ethanol-Water*

[CoTSPC] A ¢
M x 107 M lem™! (x 1075)
2.30 0.0242 1.06
2.34 0.0244 1.04
1.81 0.0186 1.03
2.49 0.0259 1.04
1.58 0.0161 1.02
1.61 0.0172 1.07
2.24 0.0237 1.06
1.74 0.0181 1.05
*1 cm cell; A = 662 nm
3.3 Simultaneous Determination of Monomer-Dimer Molar Absorption Coefficients.

The molar absorption coefficients of the monomer and dimer were determined
at 662 nm corresponding to the peak absorbance fo:- the monomer. A stock solution
of CoTSPC and three aliquots of different volumes were used to prepare four solu-
tions with different CoTSPC concentrations. The absorbances of these solutions
were measured at 662 nm and the absorbances fit to equation 5 with the nonlinear
least-squares program to give best-fit values of eM* €D’ and K, and absorbances
recalculated with these values.

Sets of solutions were prepared from four stock solutions (A, B, C, and D)
and the absorbances for each set of solutions were measured over the temperature
range 15° to 45°C at 5°C intervals. In order to get the calculation to converge, it
was necessary to use numbers near unity, so the concentrations of CoTSPC were
multiplied by 105. In a few instances, negative best-fit values of ep Or K were

computed, or the magnitude of the standard deviation exceeded the value of ep-

Where negative or near-zero values were encountered, the values of M and e
were both discarded. Values of ep were discarded where the standard deviation

exceeded the computed value.

Appendix A contains the results of these experiments. Table 3 summa-
rizes the values of ¢,, and ¢, along with the mean value and sample standard devi-
ation for each soluti% over Pne indicated temperature range. The values of

M and €p averaged over the four solutions are 9.65 * 0.6 x 104M'1 1

7.62 + 0.8 x 10°M lem™ 1, respectively, the error being the s%mple standard devi-
tion. The value of gy compares favorably with the 1.05 x 10 M- lem~ ! measured

em © and

12
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Table 3. Summary of ¢,, and e¢,, Computed from Least-Squares Treatment
of Absorbanc \'ersRs CoTSPC Concentration at 662 nm

M for solution p for solution
Temperature A B C D A B C D
°C M lem ! x 1074 M lem™ x 1074
16.1 9.23 ] 9.25 | 8.32 * 7.04 6.94 | 6.34 *
20.1 9.49 | 8.54 | 9.08 ] 9.32 8.30 6.58 | 6.64 | 7.55
24.2 10.7 9.04 1 9.07 8.98 | 8.30 6.64 |} 7.25 | 6.65
29.6 10.3 }10.7 9.28 | 13.5 8.82 8.34 | 7.19 | 9.59
34.6 9.10 * * 9.4 3.42 * * 7.00
41.0 9.51 * * 10.8 *ok * * 10.3
45.6 9.90 | 9.55 | 9.34] 10.2 8.76 7.32 | ** 11.0
Mean 9.75 1 9.42 | 9.02] 10.4 7.44 7.17 | 6.80 | 8.68
Sample Standard
Deviation 0.6 0.8 0.4 1.7 2.1 0.9 0.5 1.8

* Negative value of em’ €p’ °F K
** Standard deviation exceeds value

in the dilute ethanolic-aqueous solution, considering the associated errors. Monahan
also reported a similar error in his determinations. 0

In order to obtain dimerization constants, the absorbance versus concentra-
tion data were refit to equation 5 using fixed values of ¢,, and ¢,. The best fit
dimerization constants and absorbances calculated with %em ar&l listed in appendix B.
The difference between the calculated and experimental absorbances is generally with-
in experimental error. Table 4 summarizes the dimerization constants determined with
fixed values of M and p-

As a further check on the self-consistency of this method for determining
dimerization constants, a set of absorbances was then measured for new solutions
which had not been used to compute the values of ¢,, and ¢,. Appendix C summarizes
the results of these experiments. Table 5 lists the Values as K', the dimerization con-
stants for solutions independent of the determination of M and €p- Table 6 compares
the values of K and K' at the various temperatures.

13




Table 4. Summary of Dimerization Constants Determined with M and n Fixed*

K of Solution Sample
Temperature A B D Mean Standard Deviation

oC Ml x10d

16.1 4,04 4.42 4.29 4.93 4.17 0.22

20.1 2.75 3.22 3.11 2.99 3.02 0.20

j 24.2 2.23 | 3.51 | 2.45 | 2.34 | 2.38 0.12

29.6 1.70 1.78 1.83 1.76 1.77 0.05

34.6 1.12 1.23 1.22 1.18 1.19 0.05

41.0 0.758 0.829 0.856 | 0.815 | 0.814 0.04

45.6 0.572 0.639 0.604 } 0.565 ] 0.595 0.03

* oy = 9.65 x 104 M-lcm_l; p = 7.52 x 104 M—1 cm_1 at X = 662 nm
Table 5. Summary of Dimerization Constants with Solutions*
Which Were not Used for Determining €M and p
K' of Solution Sample
Temperature A B C D Mean Standard Deviation

°C M !x 10

20.1 3.21 2.97 2.95 3.09 3.06 0.12

24.9 2.19 2.13 2.00 2.07 2.10 0.08

29.6 1.77 1.59 1.58 1.64 1.64 0.09

34.2 1.28 1.19 1.10 1.20 1.19 0.07

41.0 0.803 0.754 0.710 | 0.716 | 0.746 0.04

*e, =0.65x 10 M em ™ e =752 x 10 M em T at 1 = 662 nm
14
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Table 6. Comparison of Mean Dimerization Constants*

Temperature K K'
oC MIx10o M 1xi10®
16.1 4.17 + 0.22 -
20.1 3.02 +0.20 3.06 +0.12
24.2 2.38 + 0.12 -
24.9 - 2.1 +£0.08
29.6 177 + 0.05 1.64 + 0.09
34.2 - 1.19 £ 0.07
34.6 1.19 £ 0.05
41.0 0.814 + 0.04 0.746 + 0.04
45.6 0.595 + 0.03 -

* Error expressed as sample standard deviation.

** Determined with solutions used to establish values for molar absorption
coefficients.

5 Since the dimerization constants were measured in dilute CoTSPC solutions
(10 ° to 10-6M), one can assume that these dimerization constants represent the ther-
modynamic equilibrium constants from which the standard-state free energy. AF°,
can be determined through the familiar expression

AF° = -RT In(K) . )

The temperature dependence of AF° can then be used to determine the standard-
state enthalpy and entropy of dimerization.

Figure 3 illustrates a plot of In(K) versus 1/T suggesting that the enthalpy
is independent of temperature. Values of AH® and AS° were then determined with
the nonlinear, least-squares program by fitting the data in table 6 to

(_ AHO | £\S°) .
K=e RT R (8)

The best-fit values of AH® and AS° are 12.0 * 0.03 kcal/mole and -16 * 1 cal/mole-K,
respectively, with the error expressed as the standard deviation of the mean, an
output of the program.'? Table 7 compares dimerization constants calculated with
the best-fit values of AH® and AS° with the experimental, values.

15
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Figure 3. Temperature Dependence of the Dimerization
Constant of CoTSPC in Water; (A) Data
Points Represent Ké

Recently, Blandamer and cc-workers'® have questioned the physical sig-
nificance of the values obtained from least-squares treatment of the temperature de-
pendence of rate or equilibrium data, particularly when the parameters being fit have
unit correlation coefficients, as is the case here. These workers propose the follow-
ing expression!® for determining activation parameters as well as checking the tem-
perature dependence of AH°:

- ] o
AH, aC
LA NP S 1 D 2 T , To
K=K°e " (To T)+ R (lnT°+T+1)} (9
where

K = equilibrium constant at T

K, = equilibrium constant at T,

AC; = standard heat capacity.

16
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Table 7. Comparison Between Experimental Dimerization Constant
and Those Calculated with Best-Fit Activation Parameters*

Temperature K _Experiment KFit
oC MIx 1070 MIx 105
16.1 4.17 4.13
20.1 3.02; 3.06 3.10
24.2 2.38 2.33
24.9 2.10 2.22
29.6 1.77; 1.64 1.62
34.2 1.19 1.20
34.6 1.19 1.17
41.0 0.814; 0.746 0.784
45.6 0.595 0.593

—

*aH® = -12.0 +0.3 kecal/mole; 4S° = -16 +1 cal/mole - K.

This equation is obtained from integration of the van't Hoff isochore between T,
and T which assumes ACS is independent of temperature. The quantities K and K,

are the equilibrium constants at T and T, respectively, and AHz is the enthalpy
at T,. For a set of K, T data, any pair are selected as K, and T,, and the re-
maining values fit to equation 9 to find best-fit values of AHZ at T, and ACS. The
calculation is repeated with new values of K,, T, until values of AHg and AC° have
been obtained for each value of T in the data set. p

The non-linear least-squares program was modified for fitting the K, T
data in table 6 to equation 9, in which AH_ and ACS were parameters to be fit while

K, and T, were inser;ted as fixed parameters. Table 8 summarizes the results of
determinations of AH  and ACp at each of the nine temperatures from table 6. One

sees that the enthalpy is independent of temperature, and the mean value of AH®,
-12.0 * 0.6 kcal/mole (error representing sample standard deviation), is identical
to the value of -12.0 * 0.3 kcal/mole obtained from fitting the K, T data to equation 8.

Finally, table 9 lists the results Eyring’ obtained for the thermodynamics
of CoTSPC dimerization from kinetic and spectrophotometric methods at 38°, 48°,
and 58°C. The agreement with the thermodynamic parameters measured Kkinetically
is gratifying.
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Table 8. Results of Calculations to Determine aH° Using Equation 9

Tem sH° 6Cq

°C kecal/mole cal/mole-K

16.1 -12.4 +0.8 28 +68*

20.1 -11.2 +0.8 54 +95

24.2 -11.1 +0.7 -156 +117

24.9 -12.3 +1.0 154 +151

29.6 -11.4 +0.5 -230 +118

34.2 -12.2 +0.7 - 39 +117 |
34.6 -12.0+0.7 - 63 +108
40.1 -12.7 +0.8 - 80 +87 4‘
45.6 -12.6 +0.7 - 53 +62

*Error represents standard deviation of the mean.

Table 9. Thermodynamic Parameters for CoTSPC Dimerization in Water i

AH® AS® Method Reference
kcal/mole cal/mole-K . i
-12.6 £ 1,3* -14 t 4* Ratio of rate coefficients 7
~14 + 0.9* -18 + 3* Spectrophotometric 7
-12.3 £ 0, 3** -16 + 1** Spectrophotometric This work

* Error estimated by authors. E
**x Standard deviation of the mean.

These results suggest that this technique would be particularly useful in the
study of other dye aggregation phenomena, such as the copper phthalocyanine system,
where the pure monomer spectrum can not be obtained. We also plan to use this
technique to determine the effect of hydroxylic solvents on phthalocyanine aggregation.

4. CONCLUSIONS
a. A spectrophotometric method that does not require the monomer spectrum

to be known in advance has been devised for measuring the equilibrium between
monomer and dimer.

18
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b. The method was illustrated using cobalt (II) tetrasulfonated phthalocya-
nine, for which the dimerization constant was measured at 5° intervals over the
temperature range 15° to 45°C. It was shown that the enthalpy of reaction is inde-
pendent of temperature over this range, being -12.0 * 0.3 kcal/mole with correspond-
ing entropy of -16 * 1 cal/mole K.

: 19
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APPENDIX C

DIMERIZATION CONSTANTS FOR SOLUTIONS WHICH WERE NOT
USED TO DETERMINE MOLAR ABSORPTION COEFFICIENTS
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Research Triangle Park, NC 27709

OFFICE OF THE SURGEON GENERAL

Commander

US Army Medical Bioenglneering Research
and Deve|opment Laboratory

ATTN: SGRD-UBD-AL, Bldg 568

Fort Detrick, Frederick, MD 21701

Commander

USA Medical Research institute of
Chemlical Defense

ATTN: SGRD-UV-L

Aberdeen Proving Ground, MD 21010
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US ARMY MATERIEL DEVELOPMENT AND
READINESS COMMAND

Commander
US Army Materle! Deve{opment and

Readiness Command
ATTN: DRCLDC 1
ATTN: DRCSF=-P 1
5001 Elsenhower Ave
Alexandrla, VA 22333

Project Manager Smoke/Obscurants
ATTN: ORCPM=SMK-S 3

Aberdeen Proving Ground, MD 21003

Commander
US Army Forelgn Sclence & Technology Center
ATTN: DRXST=MT3 1

220 Seventh St,, NE
Charilottesville, VA 22901

Director

US Army Materie| Systems Anaiysis Activity
ATTN: DRXSY=-MP 1
ATTN: DRXSY=CA (Mr, Metz) 1

Aberdeen Proving Ground, MD 21005

Commander

US Army Missile Command

Redstone Sclentific Information Center
ATTN: DRSM|=RPR (Documents) 1
Redstone Arsenai, AL 35809

Director

DARCOM Fleld Saftety Activity

ATTN: DRX0S-C 1
Chariestown, IN 47111

Commander

US Army Natlick Research and Deveiopment
Laboratories

ATTN: DRDNA-O

ATTN: DRDNA=-IC

ATTN: DRONA=-iM

ATTN: DRODNA=ITF (Dr, Roy W. Roth)

Natick, MA 01760
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US ARMY ARMAMENT RESEARCH AND
DEVELOPMENT COMMAND

Commander
US Army Armament Research and
Development Command

ATTN: ORDAR=-LCA~-L 1
ATTN: DRDAR=LCE=-C 1
ATTN: DRDAR=-LCU~CE 1
ATTN: DROAR~NC (COL Lymn) 3
ATTN: DRDAR=SCA-T 1
ATTN: ORDAR=SCM 1
ATTN: ODRDAR-SCP 1
ATTN: ORDAR-SCS !
ATTN: DRDAR-TDC (Dr. D. Gyorog) 1
ATTN: DRDAR-TSS 2
ATTN: DRCPM=CAWS=-AM 1
Dover, NJ 07801

US Army Armament Research and
Development Command
Resident Operatlions Office

ATTN: DRDAR=-TSE~OA (Robert Thresher) 1
Natlonal Space Technology Laboratorles

NSTL Ststlon, Mlississlippl 39529

Commander

ARRADCOM

ATTN: DRDAR-QAC-E |

Aberdeen Proving Ground, MD 21010

Commander

USA Technical Detachment 1
US Naval EOD Technology Center

Indlan Head, MD 20640

US ARMY ARMAMENT MATERIEL READINESS

COMMAND
Commander
US Army Armament Materlei Readiness Command
ATTN: DRSAR=-ASN 1
ATTN: DRSAR-{RW 1
Rock Island, IL 61299
Commander
US Army Dugway Proving Ground
ATTN: Technical Library (Docu Sect) 1

Dugway, UT 84022
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US ARMY TRAINING & DOCTRINE COMMAND

Commandant

US Army Infantry School
ATTN: CTDD, CSD, NBC Branch
Fort Benning, GA 31905

Commandant

US Army Misslle & Munitions Center

and School
ATTN: ATSK-CM
ATTN: ATSK-TME
Redstone Arsenal, AL 35809
Commander
US Army Loglstics Center
ATTN: ATCL-MG
Fort iee, YA 23801

Commandant

US Army Chemlcal School
ATTN: ATZN~CM-C

ATTN: ATZIN~CM-AD

ATTN: ATZN~CM-TPC

Fort McClelilan, AL 36205

Commander
USAAVNC

ATTN: ATZQ~D-MS
Fort Rucker, AL 36362
Commander

US Army Infantry Center
ATTN: ATSH-CD-MS-C
Fort Bennling, GA 31905

Commander

USA Training and Doctrine Command
ATTN: ATCD-N

Fort Monroe, VA 23651

Commander

US Army Armor Center
ATTN: ATZXK-CD-MS
ATTN: ATZK-PPT=-PO-C
Fort Knox, XY 40121

Commander

USA Combined Arms Center and
Fort Leavenworth

ATTN: ATZL-CAM=1M

Fort Leavenworth, KS 66027
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US ARMY TEST & EVALUATION COMMAND

Commander

US Army Test & Evaluation Command
ATTN: DRSTE-CT~T

Aberdeen Proving Ground, MD 21005
DEPARTMENT OF THE NAVY

Chlet cf Naval Research
ATTN: Code 441

800 N. Quincy Street
Arilington, VA 22217

Project Manager

Theatre Nuclear Warfare Project Otflce
ATTN: TN-09C

Navy Department

Washington, OC 20360

Commander

Naval Exploslve Ordnance Dlsposal
Technology Center

ATTN: AC-3

Indlan Head, MD 20640

Commander

Naval Surtface Weapons Center
Code G5!

Dahigren, VA 22448

Chlef, Bureau of Medicine & Surgery
Department of the Navy

ATTN: MED 3C33

Washlington, OC 20372

Commander

Navail Alr Development Center

ATTN: Code 2012 (DOr. Robert Helmboid)
Warminster, PA 18974

US MARINE CORPS

Commandant

HQ, US Marine Corps
ATTN: Code (MW-50
Washington, DC 20380

Commanding Generai

Marine Corps Development and
Education Command

ATTN: Flire Power Division, D091

Quantico, VA 22134
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DEPARTMENT OF THE AIR FORCE

ASD/AESD
Wright-Patterson AFB, OH 43433

HQ AFSC/SDZ
ATIN: CPT D. Rlediger
Andrews AFB, MD 20334

HQ, AFSC/SONE
Andrews AFB, MD 20334

HQ, AFSC/SGB
Andrews AFB, DC 20334

HQ, NORAD
ATTN: J-3TU
Peterson AFB, CO 80914

AFAMRL/HE
ATTN: Dr, Clyde Reploggle
Wright-Patterson AFB, OH 45433

HQ AFTEC/TEL
Kirtiand AFB, NM 87117

USAF TAWC/THL
Eglin AFB, FL 32542

AFATL/DLY
Egiin AFB, FL 32582

USAF SC

ATTN: AD/YQ

ATTN: AD/YQO (MAJ Owens)
Eglin AFB, FL 32542

USAFSAM/VN

Deputy for Chemlcal! Defense
ATTN: Dr, F, Wesiey Baumgardner
Brooks AFB, TX 78235

AFAMRL/TS
ATTN: COL Johnson
Wright-Patterson AFB, OH 45433

AMD/RDTK
ATTN: LTC T, Kingery
Brooks AFB, TX 78235

AMO /ROSM
Brooks AFB, TX 78235

AMD /RDSX
Brooks AFB, TX 78235

AD/XRO
Egiin AFB, FL 32542

OUTSIDE AGENCIES

Battelies, Columbus Laboratorlies
ATTN: TACTEC

505 King Avenue

Columbus, OH 43201

Toxicoliogy Information Center, JH 652
National Research Councll

2101 Constlitution Ave., NW
Washington, DC 20418

US Publlc Hea|th Service
Center for Disease Control

ATTN: Lewls Webb, Jr,
Buliding 4, Room 232
Atlanta, GA 30333

Director

Central Intelligence Agency
ATTN: AMR/ORD/DD/S&T
Washlngton, DC 20505

ADDITIONAL ADDRESSEE

Commandant

Academy of Health Sclences, US Army
ATTN: HSHA-CDH

ATTN: HSHA-IPM

Fort Sam Houston, TX 78234
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