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angles involving the hydrogen atoms are known with
only approximate accuracy. The values reported are
typical of those obtained by X-ray diffraction for other
organic molecules.

The packing of the molecules is illustrated by the
stercoscopic view of the unit cell shown in Fig. 4. This
view shows clearly how one carboxyl oxygen and the
sulfoxide oxygen atom point toward the NH, group,
while the second carboxyl oxygen atom occupies an
open part of the structure. The chondrine molecules
pack together to form a compact structure which en-
ables the maximum number of intermolecular hydro-
gen bonds to be formed between the oxygen atoms and
the NH, group.

The thermal parameters for the heavy atoms are suf-
ficiently small to suggest that the chondrine molecules
are rather firmly held in the crystal by the N-H..-O
hydrogen bonds, the electrostatic attraction of the
zwitterions, and van der Waals forces. There is no ap-
preciable oscillation about the C(2)-C(5) bond, as veri-
fied by the small size of the 50 % probability ellipsoids
for O(2) and O(3) shown in Fig. 4.

The closest intermolecular approaches between
heavy atoms, which are not hydrogen bonded, are 3-117
A for O(1)---C(3), and 3-306 A for O(1)---C(4");
these distances are normal. Several additional inter-
molecular distances occur between 3-38 and 3-50 A.
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The Crystal Structures of Two Solvates of
5,5',6,6’-Tetrachloro-1,1’,3,3’-Tetraethylbenzimidazolocarbocyanine Iodide
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Research Laboratories, Eastman Kodak Company, Rochester, New York 14650, U.S.A.

(Received 18 February 1972 and in revised form 1 May 1972)

The title compound, C,sH,,N,CLI, DYE, is an efficient spectral sensitizer of silver halide photographic
systems and is known to form J-aggregates with ease. We have determined the crystal structures of the
2:1 methanol: DYE solvate (DYEM) and the 1:1 acetonitrile: DYE solvate (DYEA) from single-crystal
X-ray intensity data collected with an automated diffractometer. DYEM is monoclinic, P2,/a, with
a=22-547 (9), b=11-036 (5), c=13-375 (5) A, p=107-48 (1)° and Z=4; DYEA is triclinic, P1, with
a=10-392 (3), b=28-242 (2), ¢=9-284 (2) A, «=93-92 (2), f=107-81 (1), y=T77-71 (2)° and Z=1. The
structures were solved by the heavy-atom technique and refined by block-diagonal least-squares
methods. The final R values are 0-033 for DYEM and 0-040 for DYEA. The distances and angles for the
cations in the two structures agree very well with each other and with the usual accepted values. In spite
of the extensive conjugation the cations are only approximately planar. In both structures, the cations
pack plane to plane, and end to end on edge in sheets parallel to (100) separated by sheets containing the
anions and solute molecules. There is a remarkable similarity of the (100) projections of the cation
sheets in the two structures to each other and to the arrangement of jons in (111) faces of AgBr.

Introduction

Spectral sensitization, the process by which the photo-
graphic or photoconductive sensitivity of a material is

extended into spectral regions outside its intrinsic ab-
sorption region, was discovered a century ago by Vogel
(1873). Since then, the effect, which is indispensable to
photographic technology, has been studied intensively
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(West, 1970; West & Gilman, 1969; Brooker, 1966;
West & Carroll, 1966). Most spectral sensitizers of
silver halides have been organic dyes, and the cyanine
dyes, with their strong absorption and tendency to
form aggregates with close intermolecular spacings and
strong coupling, have been studied and used most ex-
tensively. A given cyanine dye may simultaneously
form several different kinds of aggregates which ex-
hibit spectral shifts of the order of + 100 nm from the
solution monomer spectrum. Red-shifted aggregates
with intense sharp absorption maxima were first re-
ported by Jelley (1936) and by Scheibe (Scheibe, Kand-

THE CRYSTAL STRUCTURES OF TWO SOLVATES OF C;H;;N,CLI

to form well-ordered, multilayer J-aggregates with ease
(Zuckerman, 1967). We eventually determined two
complete crystal structures, a 2:1 methanol:DYE sol-
vate (DYEM) and a 1:1 acetonitrile:DYE solvate
(DYEA).

Et ft
| cl
Cl N )
= N+ 1
| | Cl
c1 Et Et

ler & Ecker, 1937; Scheibe, Mareis & Ecker, 1937) DYE
Crystal data
DYEM DYEA

Formula C25H27N4Cl41 . 2CH3OH C25H27N4CI4I . CH;CN
Molecular weight 716:32 693-29
Color-reflection Gold Green
Color-transmission Red Red
Habit Long (¢) thick tabular (100) Chunky
Crystal system Monoclinic Triclinic
Wavelength (Mo Ka;) 0-70926 A 0-70926 A
Unit cell: @ 22-547 (9) A 10-392 (3) A

b 11-036 (5) 8:242 (2)

c 13-375 (5) 9-284 (2)

3 93-92 (2)°

B 107-48 (1)° 107-81 (1)

" 7771 ()

14 3174-4 (23) A3 7397 (4) A?

zZ 4 i
Dy (flotation) 1:49 g.cm™3 1-51 g.cm™3
Deaic 1-498 g.Cm_-” 1-556 g.cm‘3
u(Mo Ka) 13-4 cm™! 149 cm™!
F(000) 1448 348
Absent spectra h0l, h odd none

0kO, k odd
Space group P2y/a(C5y) PI(CY
General positions +(x,0,2; 3+ x, +—»,2) X0,z
and are called J-aggregates; blue-shifted aggregates Experimental

are called H-aggregates. Current theory indicates that
the relatively planar dye molecules in these aggregates
pack in an arrangement resembling a slipped deck of
cards in which the amount of lateral displacement be-
tween adjacent dye molecules determines the absorp-
tion region of the aggregate (Norland, Ames & Tay-
lor, 1970). Bird and coworkers (Emerson, Conlin, Ro-
senoff, Norland, Rodriquez, Chin & Bird, 1967; Bird,
Zuckerman & Ames, 1968; Bird, Norland, Rosenoff &
Michaud, 1968; Walworth, Rosenoff, and Bird, 1970;
Rosenoff, Walworth & Bird, 1970; Gray, Brewer &
Bird, 1970; Bird, 1971) have used the slipped deck mod-
el, the thiacarbocyanine crystal structures of Wheatley
(1959a, b), and the arrangement of silver ions in the
(111) and (100) planes of AgBr to arrive at a model of
aggregation and sensitization in silver halide systems.
Generally, however, because of a lack of firm ex-
perimental structure data, our understanding of the
structure and packing of these dyes is deficient. We
undertook to determine the crystal structure of 5,5,
6,6'-tetrachloro-1,1',3,3’-tetraethylbenzimidazolocar-
bocyanine iodide (DYE), a green-sensitizing dye known

Crystals of the dye, obtained by rapid recrystallization
from a hot saturated solution in methanol, were pro-
vided by E. J. VanLare, of these Laboratories. Optical
and X-ray examination indicated these crystals were
somewhat bent and distorted and probably disordered.
Precession photographs of the long (c), thick tabular
(100) crystals yielded orthorhombic cell constants: a=
186, b=11-1 and c=13-5 A. The observed density of
1-:58 g.cm ™3 compares with 1-55 g.cm™3 calculated for
four DYE molecules per cell. Systematic absences in-
dicated P2,22, as the probable space group, but this
appears inconsistent with the crystal structure of the
methanol solvate, DYEM, which converts directly to
this form upon standing in air.

Continued attempts yielded a technique for growing
satisfactory single crystals from methanol. A saturated
solution of the dye in boiling methanol was rapidly
cooled in a dry ice—acetone bath. The cooled solution,
which appeared to be clouded with a very fine suspen-
sion, was allowed to warm to room temperature,
whereupon the cloudiness disappeared. The solution
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vessel was sealed to prevent evaporation and allowed
to stand undisturbed. Good undistorted crystals grew
within two days. These crystals were morphologically
very similar to the as-delivered material and deterio-
rated to this form within a few minutes in air with
delamination into (100) plates and preservation of the
b and c lattice dimensions. The crystals could be pre-
served indefinitely in an air-methanol atmosphere and
were sealed in thin-walled glass capillaries for the X-
ray analysis. The crystal structure showed the material
to be a 2:1 methanol:DYE solvate and this was veri-
fied by a subsequent proton count in a high-resolution
nuclear magnetic resonance spectrum of a 1073 M
solution of the solvate in dimethyl sulfoxide.

Slow evaporation of a solution of the dye in aceto-
nitrile produced good single crystals. These crystals re-
tained their form but developed small branched cracks
and pitted surfaces on standing in air for two weeks
and these, too, were mounted in thin-walled glass ca-
pillaries for the X-ray measurements. The crystal
structure showed this material to be a 1:1 acetoni-
trile:DYE solvate and this was subsequently verified
by the nuclear magnetic resonance spectrum.

Space group extinctions and preliminary lattice di-
mensions were obtained from precession photographs.
The unit cell for DYEA is the reduced crystallographic
cell (Lawton & Jacobson, 1965); the space group is
P1 because the DYE molecules cannot contain a center
of inversion and there is no evidence of disorder. This
unusual case of a symmetrical synthetic material crys-
tallizing in P1 was later verified from the statistical
averages and distribution of the normalized structure
factors (Hauptman & Karle, 1953; Daly, 1966) and,
of course, by the ultimate successful refinement of the
structure.

Small chunky crystals of DYEM (0-46 x 0-36 x 0-25
mm) and DYEA (0-38 x 0-25 x 0-23 mm) were chosen
for intensity data collection on an automatic Picker
four-circle goniostat at 23°C. Twenty reflections for
DYEM and eighteen reflections for DYEA, all at
moderately high Bragg angles (Mo Ko, radiation), were
accurately centered through very narrow vertical and
horizontal slits at a take-off angle of 0-5°. These obser-
vations were used as input to the computer program
PICK?2 (Ibers, 1966) which refined the cell and orien-
tation parameters by the method of least squares and
generated the cards to control the automated gonio-
stat.

Intensity data were collected with Zr-filtered Mo ra-
diation at a take-off angle of approximately 2°. A scin-
tillation detector was used and the pulse-height ana-
lyzer was set for an approximately 90% window for
DYEA but was inoperative for DYEM. All unique
reflections with 20 <43° for DYEM and 26 <57° for
DYEA were measured by the 6-26 scan technique at
a 20 scan rate of 1-0° per min. The scan ranges varied
from 1-2° at low 26 to 2-0° at high 26. Stationary-
crystal stationary-counter background counts were
taken at each end of the scan for 40 sec for DYEM
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and 20 sec for DYEA. For count rates above 13,000
c.p.s., brass attenuators were automatically inserted in
the diffracted beam.

To check electronic and crystal stability, the inten-
sities of standard reflections (055 for DYEM, 213 for
DYEA) were measured every 50th reflection. Small
systematic decreases (5% for DYEM, 3% for DYEA)
in the intensities of the standard reflections were ob-
served over the period of data collection.

The background for a reflection was approximated
by a straight line between the two measured back-
ground points. The intensities, corrected for back-
ground, were scaled by the standard intensities to cor-
rect for the slight systematic decrease noted in these
intensities. Lorentz and polarization corrections were
made. Absorption corrections were not applied because
of the low absorption coefficients and the small size
and regularity of the crystals. We estimate the maxi-
mum error in the structure amplitudes, F,, caused by
absorption, to be +7% for both crystals. Standard
deviations o(I) were based on counting statistics and
were corrected to o(F). Those intensities less than
20(I) were considered unobserved and were set equal
to 20(I) and corrected to structure amplitudes, Fj;,,.
For DYEM the unobserved reflections numbered 695
out of a total of 3666 measured intensities and, for
DYEA, 635 out of 3772 were unobserved.

Determination and refinement of the structures

Both structures were solved by the heavy-atom method
from Patterson and Fourier maps. Least-squares re-
finement utilized a local version of the block-diagonal
program NRC-10 (Ahmed, 1970), which minimized
>w(F,— KF.)*. This program employed 4 x4 blocks
for atoms with isotropic temperature factors and 9 x 9
blocks for atoms with anisotropic temperature factors
and applied Schomaker’s correction (Hodgson & Rol-
lett, 1963) for the interaction between thermal and
scale factors. A 6 x 6 block was used for the thermal
parameters of the iodide ion which defined the origin
of DYEA. Weights were defined (Killean & Lawrence,
1969) as

wol=[o(F)F+(rF,) +5,

where r and s were chosen to make the averages of
>w(F,— KF_.)* approximately constant for groups of
increasing F,’s (Cruickshank, 1965). Unobserved re-
flections were included in the refinement and the agree-
ment indices if [F,|> F;,. The usual agreement index
was defined as R, =2 |F,— KF,|/>|F,| and the weighted
agreement index as R,=[>w(F,— KF,)*|>wF2)]*2 The
atomic scattering factors were obtained from Cromer
& Waber (1965) for the iodide ion, Stewart, Davidson
& Simpson (1965) for hydrogen, and International
Tables for X-ray Crystallography (1962) for the other
atoms. The anomalous scattering components for chlor-
ine (4f'=0-132, Af"=0-159) and iodine (4f'=
—0:726. A4f""=1-812) (Cromer & Liberman, 1970)
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Table 1. Final atomic parameters for the nonhydrogen atoms of DYEM
Estimated standard deviations are given in parentheses.
The anisotropic thermal parameters are in form exp[—0-25 (h2a*2B;1+ .. .2klb*c* Ba3)]
X y 4 By, Bj2 B33 B, By, Bas
1 0423087(2) 0+04513(4) 0483504(3) 3.87(2)  8+03(2)  4s91(2] 0,18(2)  0s45(1)  0e64(2)
CLI1Y 044947(1)  040577(1)  0.46078(1)  840819)  4460(7)  3,98(6) =0e45(6) 3,22(6) =0.83(5)
CL{2) 0.3568(1) 040789(2) 046125(1) 6el6(T) 8409(10) 34561(6) =1e94(7) 0.81(5) =1022(6)
CLI3) 003630(1)  0e4475{(2)  147255(1)  6487(7)  7400110) 6402(8) 1428(8)  3,49(7) =Ce79(7)
ClL{4) 0.5022(1) 044492(1) 1,871t 10 8439(9) 4e881(T) 344416) 0420(7) 1,88(5) =0,75(5)
N(1)  048522(2) 0e1875(3)  1,0060(3)  343(2) 345(2) 3.2(2) 0e2(1) 1.2(1) 0e2(1)
N(2)  0s4552(2) 0418689(3)  1.0086(3)  3,0(2) 44202 3,0(2) 0e1(1) 143(1) =0.1(1)
N(3) 0e45831(2) 0e3286(3) 1,4303(3) 342(2) 3461(2) 2.712) 2,1(1) 0.6(1) =340 (1)
N(4)  0#5559(2)  023322(3)  1,5306(3)  3,3(2) 349(2) 249(2)  =040(1) 04611}  =0s0(1}
C(1)  0e8143(2) 0.1341(4) 0,9050(3)  248(2) 24802) 3,0(2) =0,0(2) 1.2(2) 043¢(2)
Ct2)  0e52B9(2) 0s1078(4)  048134(4)  4est2) 34002) 44202} 0e3(2) 2.002) 0e3(2)
Ct3)  0e4792(2)  040905(4) 04726604)  548(3) 2.8(2) 3.4(2) =0,3(2) 2,5(2)  =040(2)
Cl4)  0e41B0(2) 0.0996(4)  0.7256(3) '5,0(2) 3.812) 2.8(2)  =0.9(2) 0e9(2) =0a1(2)
C(5)  0.,4038(2) 041249(5) 0,8172(4) 3,7(2) 4,1(2) 347(2) =046(2) 1,202) =045(2)
C(6)  0s4532(2)  Cels20(4)  Ce9050(3)  346(2) 340(2) 341(2) =042(2) 145021 =0,0(2)
C(T)  0s5155(2) 041B806(4)  1,0691(2)  3,3(2) 3412} 3e4(2) 0.2(2) 1.3(2) 0e7¢2)
c{8) 0e5407(2) 042100(4) 1.17481(3) 3.0(2) 443(2) 342(2) 0¢3(2) 0:61(2) 0e3(2)
Cl9)  045111(2)  0.244104)  1,2460(3)  3,2(2) 340(2) 3.1(2) 0s1(2) 0+9102) 0e2(2)
C(10) 0e84241(2) 0e2733(4) 1435041(3) 343(2) 349(2) 3é1(2) 0e3(2) 0eB(2) 06212}
Cl{l1) 0.8182(2) 0+3092(4) 144303(3) 3e4a(2) 3.01(2) 2e91(2) =0e¢2(2) 0ea(2) 043(2)
C{12) 04:4578¢(2) 06360504} 145302(3) 3.9(2) 2481(2) 302(2) 0sl(2) 0e7(2) =0.01(2)
C(13) 044088(2) 0e3857(4) 145691(4) 347(2) 34502} 4e31(2) 0e2(2) 142(2) 0e3(2)
Cl14) 004246(2)  044136(4)  1,6749(4)  546(3) 343(2) 4e3(2) 0e6(2) 2.4(2)  =04412)
C(15) 0+4857(2) 0esl581(4) 147384 (4) 5¢8(3) 249(2) 3.1(2) -0.1(2) 1.3(2) =002}
C(16) 045350(2) 043900(4)  147003(4)  645(2) 2.8(2) 3.5(2) ~0.4(2) 0.8(2)  =042(2)
CU17) 0e5193(2)  043621(4)  1.5936(3)  4e¢3(2) 245(2) 342(2)  =0s2(2) 0e9(2)  =041(2)
C(18) 0e6199(2) 0s1614(5)  1,0388(4) 3,6(2) 6e1(3) 4ot {2} 0.8(2) 1.7(2) 0e3(2)
C(19) 046452(3) 0s2R98(6)  1,0451(5)  4,6(3) Re2(4) Teala)  =1,9(3) 2.5(3) 04113)
C(20) 03986(2) 041781¢(5) 1,0402(4) 342(2) 6e1(3) 34712) =0e8(2) 1e0(2) =0e812)
C(21) 043753(2) 0,3045(6) 1.0332(4) 5,8(3) 845(4) 5.1(3) 2,7(3) 1.7(2) =0.2(3)
Cl22) 044022(2) 043184(5)  143420(4)  3,2(2) 545(3) 346(2) 046(2) 046(2) =Ce&(2)
C{23) 043775(3) 0el9211(6) 143246(4) Leb13) 74514) 5¢1(3) =242(3) 0.69(2) =0e7(3)
Cl24) 046236(2) 043231(5)  1,5668(4)  3,2(2) 640(3) 4s102) =042(2) 0e6(2) =0e4(2)
Cl25) 0e6471(3)  041976(6)  145921(5}  446(3) Te2(4) 7e5(4) 06703} 046(3) 141(3)
Cl26) 042258(4) 042824(10) 0,3684(9)  T42(5) 1542(8)  1646(8) =345(5) %e6(5)  =143(7)
Cl27) 042323(4)  G444R0(8)  048464(6)  745(4)  1141(6) 9.7(5) 143064} De7l&)  =lo5(4)
ofl) 0426661(2) 0s3848(7) 0439511(4) 6e6(3) 1Re7 (6! 9e2(3) 248(3) le3(2) 205(4)
0(2)  0e1981(4)  065117(10) 0.8901(6)  643(&)  1245(7) 502(4) 247(5) 243(3) Ce9l4)
0(3)  0s1828(4)  043639(11) 048655(8)  743(5) 1346(8) 8e5(6) 244(5) 4e604) 2.506)

were used in the final cycles of both refinements. All
computations were performed on an IBM 360/65 com-
puter.

DYEM

The iodide ion was easily located from an ordinary
F? Patterson map. An electron density map, phased by
the iodide ion, revealed the positions of the other 33
nonhydrogen atoms of the dye. Several cycles of least-
squares refinement, first with isotropic and then with
anisotropic thermal parameters, reduced R, to 0-13.
A difference Fourier map contained five peaks which
were interpreted as two molecules of methanol: one
ordered and one disordered. The five atoms were as-
signed carbon scattering factors and equal isotropic
temperature factors, and the two end atoms of the
three-atom group were given occupancy factors of 0-5.
Refinement of the solvate positional and thermal par-
ameters alone yielded thermal parameters that iden-
tified three of the atoms as oxygen; this assignment was
consistent with the peak heights in the difference Fou-
rier map. With the correct scattering factors, the sol-
vate atoms were refined by full-matrix least-squares
calculations (Busing, Martin & Levy, 1962) with the
occupancy factor of O(2) allowed to vary [that of O(3)
was constrained as 1-O(2)]). The occupancy for O(2)

Table 2. Atomic parameters for the hydrogen atoms of

DYEM
r is the C-H bond length.
x y z B r
H(1l) 04575 04103 04811 3,72 1.05
H(2) 04362 060129 04825 3,50 0498
H(3) 0e364 06383 14528 3489 0499
H4) 00582 04391 14750 3468 1,07
H(5) 04581 06204 14205 3454 0488
H(6) 0e463 04242 14225 3412 1404
H(T) 06588 04263 14368 3,39 0459
H(8) 04637 04123 14104 4,53 0,94
H(9) 00633 06120 0499 4453 0487
HU10) 04633 04348 14102 6453 1,07
H{11) 04686 04288 14067 6453 0,88
H(12) 00642 04308 0+s967 6653 1404
H{13) 04368 04132 06997 4431 0.91
H{1l4) 06410 04135 14117 4431 1.09
H{15) 06340 06313 16059 6465 0489
H{16) 00406 04366 12088 6465 1,07
H{L7) 06363 06326 04963 6465 0,93
H{18) 06368 04144 16379 5,77 0,98
H{19) 04410 04137 16313 5,77 1.00
H(20) Oe344 0el89 16279 5477 0,82
H(21) 0411 04356 14283 4425 0496
H({22) 04371 04365 14357 4425 0.94
H(23) 04645 06363 14523 4469 0497
H(24) 00639 06396 16625 4465 1.1C
H{25) 04625 04150 14633 6487 0,99
H(26) 06622 04135 16533 6487 1,07
H(27) 04688 04200 16608 6487 0488
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Table 3. Observed and calculated structure factors for DYEM
The column headings are A, [, 10F,/K, 10F, and 100{Fo)/K.

%

denotes unobserved reflections.
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Table 3 (cont.)
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remained as 0-500 and was held at that value for the
remainder of the refinement.

Refinement proceeded with anisotropic thermal
parameters for all atoms until the parameter shifts
were small R=0-052). The 27 hydrogen atoms of the
dye were located from 2 difference Fourier map and
were assigned isotropic thermal parameters equivalent
to the anisotropic thermal parameters of the atoms t0
which they were bonded (Hamilton, 1959). Continued
refinement of the heavy-atom parameters reduced R,
to 0-037. The hydrogen atoms were redetermined from
a new difference Fourier map and refinement was ter-
minated when all shifts were less than 0-1a. The final
agreement indices for the 2971 observed reflections
plus the 58 unobserved reflections with |F.> Fim ar¢

R,=0-033 and R,=0-040. Of the unobserved reflec-

tions with | Fl > Fim> nONE had |F>17 Flim- The final
weighting scheme had r=002and s= 2.0. The standard
deviation of an observation of unit weight was 0-96.
A final difference Fourier map contained residual elec-
tron densities between _0-46 and +0-33 e.A™? with
all detail beyond +021 e A3 located near the iodide
ion and the methanol molecules.

The final positional and thermal parameters, with
standard deviations estimated from the least-squares
process, are given in Table 1 for the heavy atoms. The
average standard deviations for the positional param-
eters expressed in A are 0-0004 for iodine, 0-0015 for
chlorine, 0-0036 for nitrogen, 0-0046 for ring and
bridge carbon, 0-0051 for methylene carbon, 0-0063 for
methyl carbon and O(1) and 0-01 for the other solvate
atoms. Table 9 contains the hydrogen parameters.
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Table 3 compares the observed and calculated struc-
ture factors and the standard deviations based on
counting statistics.

DYEA

The iodide ion was chosen at (0,0,0) to fix the origin.
A sharpened (E?—1) Patterson map revealed the four
chlorine atoms, and two subsequent Fourier maps
yielded all remaining atoms of the dye. Several cycles
of least-squares refinement, first with isotropic and
then with anisotropic thermal parameters, reduced R,
to 0-078. A difference Fourier map revealed the three
nonhydrogen atoms of a molecule of acetonitrile and
15 hydrogen atoms of the dye, representing all but the
methyl hydrogen atoms. Refinement was continued
with the dye heavy atoms being varied anisotropically,
the solvate atoms varied isotropically, and the hydro-
gen atoms held constant, until R, =0-044. At this point,
the real and imaginary parts of the anomalous scatter-
ing factors were first applied to iodine and chlorine
and the structure was tested for absolute configuration.
The configuration reported here gave R,=0-057 and
the inverted configuration gave R,=0-063. In addition,
the intensities of 46 Friedel pairs of reflections for
which the calculated structure factors differed by more
than 10% were measured. In all but one case, the ra-
tios of the observed structure factors agreed with the
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ratios of the calculated structure factors. These two
tests indicate that the configuration reported here is
the correct one for this particular crystal.

A difference Fourier did not produce suitable methyl
hydrogen atoms and refinement was continued as be-
fore to R;=0-037. Another difference Fourier map
failed to produce satisfactory methyl hydrogen atom
positions. The other 15 hydrogen atoms had such un-
reasonable distances and angles that it was decided to
exclude them from the calculations completely. Refine-
ment was continued with anisotropic thermal param-
eters for all atoms and was terminated when all shifts
were less than 0-3¢. The final agreement indices for the
3137 observed reflections plus the 95 unobserved re-
flections with |F.| > F;, are R, =0-040 and R,=0-048.
Of the unobserved reflections with |F.|> Fy;,, none
had |F | > 1-5 Fj;,,. The final weighting scheme had r=
0-025 and s=0. The standard deviation of an observa-
tion of unit weight was 1-32. A final difference Fourier
map contained residual electron densities between
—0-32 and +061 e.A~3 with all detail beyond +0-32
e.A~3 attributable to either hydrogen or iodine.

The final positional and thermal parameters, with
standard deviations estimated from the least-squares
process, are given in Table 4. The average standard
deviations of the positional parameters expressed in A
are 0-0019 for chlorine, 0-0047 for nitrogen, 0-0057 for

Table 4. Final atomic parameters for DYEA

Estimated standard deviations are given in parentheses.
The anisotropic thermal parameters are in the form exp [—0-25 (h2a*2B; + ... 2klb*c*B,3)].

X y z 311
1 040 0.0 0.0 2491(1)
CL(1) 048745(2) 163104(2) =0,1256(2) 5480(8)
CL(2) 0e2672(2) 103169(2) =041443(2) L4eT1(7)
CL{3) 0e2393(2) 045638(2) 143130¢(2) 44081(6)
CL(4) 008453(2) 0e4472(2) 145170(2) 54¢19(8)
N(D) 0e6895(5) 1.,02031(6) 0439171(5) 249(2)
N(2) 0ea727(5) 1,0199(6) 0437371(5) 3,0(2)
N(3) 044605(5) 047725(5) 0,94811(5) 3,0(2)
N(4) 0e6740(4) 0469731(6) 140939(5) 245(2)
N(5) 009954(13) 045275(13) 065247(10) 942(5)
(1) 006096(5) 1409071(6) 0425361(6) 362(2)
c(2) Oe6452(6) 141556(7) 0e1404(6) 3.3(2)
c(3) 0e5375(6) 162247(7) 0.0201(8) 4e3(3)
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C(13) 0e43429(6) 0.6730(7) 1.1168(6) 3e1(2)
C(14) 0e3744(6) 045957(7) 142548(7) 3e31(2)
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5¢2(4) 7.11(5) -044(3) =1.5(3) 0e2(3)
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Table 5. Observed and calculated structure factors for DYEA
The column headings are A, [, 10F,/K, 10F; and 100(F,)/K. * denotes unobserved reflections.
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Table 5 (cont.)
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ring and bridge carbon, 0-0064 for methylene carbon,
0-0087 for methyl carbon, and 0-011 for solvate atoms.
The observed and calculated structure factors and the
standard deviations, a(F,), based on counting statistics
are compared in Table 5.

Description of the structures

The atomic labeling and interatomic distances and
angles, uncorrected for thermal motion, are shown in
Fig. 1 for the dye cations and in Fig. 2 for the solvate
molecules. The values shown in Fig. 1(c) are averages
of similarly situated bonds or angles. The cell-param-
eter errors and the coordinate standard deviations ob-
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tained from the least-squares refinement were used to
calculate estimated standard deviations for the djs-
tances and angles. These e.s.d.’s average 0-010 A (range
0-007-0-014 A) and 0-6° (range, 0-5-0-7°) for DYEM
and 0-009 A (range, 0-006-0-016 A) and 0-6° (range
0-5-0-6°, but 1-2° for solvate) for DYEA and appear
reasonable when equivalent bonds are compared.

The distances and angles for the cations in the two
structures agree very well with each other and with
similar bonds of other structures (Smith & Barrett,
1971; Sutton, 1965; Lide, 1962). The eight C-C bonds
of the trimethine bridges average 1395 A and the
24 bonds of the benzo groups average 1-:388 A, both
in good agreement with the 1:394 A excepted for arc-
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matic C—C bonds. The N-C bonds of the cations aver-
age 1:371 A for the conjugated N(1)-C(7)-type bonds,
1383 A for N(1)-C(1)-type bonds, and 1468 A for the
unconjugated N(1)-C(18)-type bonds. These values
compare with the well known 1-34 A for aromatic
N-C bonds and 1:47 A for unconjugated N-C bonds.
The C-C bonds of the ethyl groups average a short
1-503 A, protably due to neglect of the thermal motion.
The apparent lengthening of the C-C and N-C bonds
of the ethyl groups of DYEA compared to those of
DYEM is probably caused by the neglect of hydrogen

THE CRYSTAL STRUCTURES OF TWO SOLVATES OF C,H,;N,CLI

atoms in the refinement of the DYEA structure. The
C—-Cl distance of 1-736 A agrees well with the 1-737 A
obtained from a tabulation of aromatic C-Cl bonds by
Palenik, Donohue & Trueblood (1968), but is longer
than the 1:709 A claimed by Rudman (1971) for aro-
matic compounds with ortho chlorine atoms.

As is evident from the stereoscopic views (Johnson,
1965) in Fig. 3, the cations are only approximately
planar, inspite of the high degree of conjugation. Atom-
ic deviations from least-squares planes fitted to atoms
C(1)---C(17) and N(1)- - -N(4) are as much as 0-14 A

4.2713523’ —
~ - 3928

106.5 109.7
108.0 1088

Fig. 1. Atomic labeling, and bond lengths and angles for the dye cations. The upper numbers are for DYEM, the lower for
DYEA. (¢) shows averages for equivalent bonds.
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(@) ’ ‘ 1.434 .
1.304
78,0 @

1.449

©)

(b) 178°

Fig. 2. Labeling and distances and angles for the solvent
molecules in (@) DYEM and (b) DYEA.

(@)

(b)
Fig. 3. Stereoscopic views of the cations of () DYEM and
(b) DYEA.
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for N(2) of DYEM and 0-16 A for C(10) of DYEA,
and the peripheral substituents show even larger de-
viations. The two cations, though distorted somewhat
differently overall by the molecular packing, exhibit
similar bond angle distortions caused by intramolec-
ular overcrowding between H(6), the ethyl group at
N(2) and the ethyl group at N(3). The average contacts
between the groups are 3-97 A for methylene- - - methyl
C---C, 406 A for methyl.--methyl C---C, 429 A
for methylene- - -methylene C---C and 2-54 A for
methylene- - -hydrogen C---H(6). To achieve these
separations, which are consistent with van der Waals
distances (Pauling, 1960), and to minimize strain, the
angles at N(2), C(7), C(8), C(9), C(10), C(11) and N(3)
are distorted by as much as 4° from expected symmet-
rical values and the trimethine bridges have twisted
somewhat. Thus, the only truly planar parts of the
cations are the benzo groups with their adjacent ni-
trogens. These planes are essentially parallel but dis-
placed by 0-5 A for DYEA; for DYEM they are in-
clined at 4-3°.

The C-C-Cl angles show a slight overcrowding of
the chlorine atoms. The benzo angles at C(2), C(5),
C(13) and C(16) average 116-1°, and the remaining
benzo angles average 122-0°. Similar distortions have
been noted (Luss & Smith, 1972) for 9-fluorenone and
other compounds in which the benzo ring is fused to
a four- or five-membered ring. The angular strain im-
posed by the smaller rings causes the benzo angles at
the point of fusion to become larger than 120° and the
angles at C(2)-type positions are reduced below 120°.

The methanol molecules in the DYEM structure
have high thermal parameters and a partial disorder,
but the C-O distances compare fairly well with the
accepted value of 1-43 A. For the acetonitrile molecule
in DYEA, the C-C distance is somewhat longer and
the C-N distance somewhat shorter than normal, but
not significantly so.

All intermolecular contacts are consistent with van
der Waals radii, but the CI(1)- - -CI(1) (1 —x, —y, 1 —2)
separation of 3-23 A in DYEM implies that the effec-
tive van der Waals radius of chlorine is somewhat less
than the 1-80 A tabulated by Pauling (1960). Molec-
ular packing diagrams are shown stereoscopically in
Fig. 4. In both structures the dye cations pack plane
to plane and end to end on edge in sheets parallel to
(100). The mean cation planes make angles of 87-6 and
85-8° with these sheets for DYEM and DYEA respec-
tively. The sheets, which correspond to dyp0=9-69 A
in DYEA and dy=10-75 A in DYEM, are separated
by sheets containing the iodide ions and the solute
molecules. In DYEA all the cations are related by
unit-cell translations and hence all are oriented iden-
tically with the result that they also lie flat in (021)
layers (dy; =366 A). In DYEM adjacent cation sheets
are related by the glide planes and screw axes, which
results in an angle of 30-8° between the long axes of
the molecules of adjacent sheets. Within a DYEM
sheet, the cations in columns along ¢ are related by
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the ¢ translation and are oriented identically, but the
adjacent columns are related by centers of symmetry
so these cations are inverted. Nevertheless, as shown
in Fig. 5, there is a remarkable similarity of the (100)
projections of the cation sheets in the two structures.
The lines of end-to-end cations ([013] in DYEM, [012]
in DYEA), apart from the inversion of every other
DYEM cation, superimpose very closely. The separa-
tion from a given atom to a translationally equivalent
atom two molecules farther along the line is 41-62 A
in DYEM and 41-65 A in DYEA so that each cation
occupies approximately 20-8 A of linear space. For
reference, the intramolecular CI(2)---CI(3) and CI(1)
---Cl(4) distances are 15:39 and 17-39 A in DYEM
and 15-37 and 17-37 A in DYEA. Adjacent lines are
separated by 355 A in DYEM but are somewhat
farther apart at 3-67 A in DYEA so that DYEM cat-
ions cover 73-8 A2 and DYEA cations cover 76:3 A2
in the (100) projection.

The cation lines are shifted laterally relative to each
other by 12:90 A in DYEM and 12:29 A in DYEA to
form a tilted brickwork of cations in which the methyl
groups, which project from the mean cation planes,
are directed toward the gaps between the ends of cat-
ions in adjacent lines. In DYEM, methyl groups re-
lated by centers of symmetry form planar, almost rec-
tangular arrays around the gaps;in DYEA the arrange-
ment resembles a very distorted tetrahedron. The
lateral shifts of the cation lines result in two types of
tilted columns of cations stacked plane to plane. The
axes of the columns with the greater amount of plane-
to-plane overlap are [011] for DYEM and [001] for
DYEA and make angles of 24-2 and 23-3° respectively,
with the lines of end-to-end cations. The axes of the
columns with the lesser overlap are [001] for DYEM
and [011] for DYEA and make angles of 154 and
16-6° respectively with the cation lines. The extent of
plane-to-plane overlap is shown stereoscopically in
Fig. 6. Both dyes have one type of lesser overlap. It
involves opposite ends of translationally equivalent cat-
ions and looks very similar in the projections. How-
ever, the plane separation is 345 A in DYEM and
3-64 A in DYEA, a difference probably caused by the
different arrangements of the methyl groups around
the gaps. The greater overlaps are different for the two
dyes, but involve similar plane separations, probably
because the methyl groups are directed away from this
overlap. DYEA has one type of greater overlap with a
plane separation of 3-49 A between opposite ends of
translationally equivalent molecules. DYEM has two
very similar cases of greater overlap between centro-
symmetrically related ends of molecules. The planes
of the CI(1) ends are separated by 3-48 A and those of
the C1(4) ends by 3-45 A.

Discussion

Qf primary importance here is the extrapolation of the
single-crystal structure results reported above to the
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structures of sensitizing dye aggregates adsorbed on
silver halide grains in photographic emulsions. The
intermolecular separations in the (100) cation sheets of
DYEM and DYEA bear a striking similarity to the
spacings of ions in the predominant (111) octahedral
faces of AgBr, a material which crystallizes in the
NaCl arrangement with a=5-775 A (Wyckoff, 1960).
Ideally, the (111) faces of AgBr contain ions of one
type lying in [110] rows with each ion surrounded by
six nearest neighbors at 4-083 A. The [110] rows are
separated by 3-536 A, which closely resembles the plane
separation involved in the natural graphitic packing of
planar aromatic molecules and the spacings between
cation rows in DYEA (3:67 A) and DYEM (3-55 A).

(@)

(®)

Fig. 4. Stereoscopic views of the molecular packing of (a)
DYEM and (b) DYEA. In both cases b is horizontal, left to
right, and the view is from positive a*. Atoms Cl(4), O(1),
0O(2), and N(5) are drawn larger for identification purposes.
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In both dye structures a cation occupies 20-8 A along
a row, 2% longer than the 20-4 A for five Ag*---Ag*
spacings along [110]. The projected area per cation
(763 A? for DYEA, 73:8 A? for DYEM) compares
with 72-2 A? for the area occupied by five silver ions
in (111) in AgBr. Thus, if DYE adsorbs to AgBr with
a definite epitaxic relationship, the cation sheets must
be packed somewhat more tightly than in the solvate
crystals; the energy of adsorption might provide the
means to do this. Alternatively, the dye monolayers
could relax somewhat to cover six silver ions per DYE
cation along [110] which would presumably make it
easier to decrease the spacings between adjacent rows
of cations. This relaxation could be even more impor-
tant if one considers that aggregates also form on
AgCl which has a smaller lattice (a=5-547 A ; Wyckoff,
1960) than AgBr.

The long and short lateral displacements of adjacent
rows of DYE cations are 12:9 and 79 A in DYEM
and 12:3 and 85 A in DYEA, which compare to
three and two Ag*t-.-Ag* spacings. This indicates
that the cations are more likely to be associated with
the holes between silver or halide ions rather than di-
rectly with the silver ions as was suggested by Bird et
al. (1968) for benzothiazolocarbocyanine dyes. Bird
used lateral displacements of odd integral multiples of
half spacings to arrive at postulated tilt angles of 60,
30, or 19-1° for the cation stacks, but lateral displace-

%?
/
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Fig. 5. (100) projections of a cation sheet of (@) DYEM and
(b) DYEA. Cl(4) is drawn larger for identification.
Stacking angles have been drawn in.
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(b)
Fig. 6. Stereoscopic views of the cation overlap in (¢) DYEM
and () DYEA. a* is horizontal. The vertical axis is [013] in

DYEM and [0T2] in DYEA. Cl(4) is drawn larger for iden-
tification.

(@)

ments of 0, 1, 2 or 3 Ag*---Ag™* separations would
yield stacking angles of 90, 40-9, 23-4 or 16-1° respec-
tively. The latter two angles are approached in DYEA
and DYEM. Norland et al. (1970) have used the model
of Bird e al. (1968) to make quantum mechanical cal-
culations based on the theory of simple electrostatic
coupling of molecular transition densities to describe
the spectral shifts of aggregates. For linear aggregates
of 3,3’-diethylthiacarbocyanine cations, the calculations
predict blue-shifted (H) spectra for tilt angles greater
than 32° and red-shifted (J) spectra for tilt angles less
than 32°. The calculations were extended to other dyes
and to sheets of linear aggregates stacked side by side
with little change in the results. Dichroism measure-
ments (Gray et al. 1970) have suggested that DYE and
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benzothiazolocarbocyanine dyes take up identical
structures on AgBr. For the J-aggregate of DYE ad-
sorbed on AgBr, the sharpness of the absorption bands
and the absence of doublet bands indicate a simple
aggregate structure of one molecule per cell (Gray et
al., 1970; Hochstrasser & Kasha, 1964) such as occurs
in DYEA. However, it should be noted that although
the unit cell of a DYEM monolayer contains two mol-
ecules, these molecules are related by a center of sym-
metry. Consequently, the transition moments for the
cations are parallel and a sharp absorption spectrum
would be expected for a DYEM-like monolayer as
well as for DYEA.

It is possible that the striking correlations of struc-
tural parameters between silver halides and DYE could
be coincidental. Additional spectroscopic and crystal-
lographic studies are clearly necessary before a defi-
nitive model of dye aggregation on silver halides will
emerge.

We are indebted to P. B. Gilman for suggesting the
problem and for subsequent discussion, to E. J. Van-
Lare for furnishing samples, to S. J. Marino for initial
crystallization of DYEA, to P. 1. Rose for nuclear
magnetic resonance spectra and to A. P. Marchetti
and R. L. Griffith for discussion.
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