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ABSTRACT

Complexes of aromatic hydrocarbons (donors) with electron
acceptors such as 1,3,5-trinitrobenzene (TNB) are stabilized
principally by resonance between a dative and a "no-bond" wave
function:

P, =a @0 «p ¥ @),
By means of second-order perturbation theory it can be shown that,
providing certain symmetry requirements are met, the energy VN
corresponding to da will be less than that of the free separated
donor and acceptor, The resulting molecular complexes have a stab-
ility of 2-10 kcal, and usually possess a c¢olour which is associated
with a transition between the ground state W and an excited state

N
W These charge~transfer spectra have previously been studied

ofiy in solution, and have been useful sources of thermodynamic data.
In order to learn more of the transition itself, it is necéssary

to study the spectrum of the crystal, where the molecules are held
in fixed and (sometimes) known positions,

The procedure by which the polarized crystal spectrum of the
anthracene~TNB complex was obtained is briefly described, Compar-
 ison of the observed spectrum with the partially-known crystal

structure has shown ol

1) The supposition that the transit;on dipole moment
is perpendicular to the planes. of the aromatic rings is
. supported;

2) Vibrational structure can exist in a charge-transfer
band; this is the first reported observation of it;

3) The band is split into two oppositely-polarized
components, differing in energy by about 200/cm,

An attempt is made to explain this splitting in terms of
Davydov's "weak-coupling" model of a erystal, in which degenerate
molecular states are presumed to becoﬁe‘q;ystal states whose
degeneracy depends on the symmetry of the associated unit-cell wave
| functions, Some preliminary steps are described which should
eventually lead to the detailed calculation of this effect in the

present case,

Abstract Approved:
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~ I.. INTRODUCTION

;Holécplar‘éqmpounds or cghplpxes;between aromatic hydrocarbons
'andi1.3;54trinip:obenzene_haye been known for many years' (3,3%4), and
along with the'more'widgly knpwn pieric acid aqducts héve“played an
1mpo:tant'pa:t1in the purigieétipn and cha;agte;;iation39f_a wide
variety of gromatic compounds. It is only in rgcent‘yegrS“that’much
interest has been shown in_ugdgggtandigg'their'eigqtronic*sﬁpgcturg,
api‘althoughzthe“gast'degade haé seen‘qons;dgrablg‘prpgrass-in;this
direction, there"18f3t§1} mp9h that is not understood about' the
spectroscopic pggpertiQS'of'thgse complexes.

The study of'suéh donor-acceptor complexes' is’ important not-only
‘for.iés intrinsic interest, but‘élso fop‘its'fossiblb application to
 the gegeral‘problem‘of:intex— and 1qtramolecular'energy‘transfer,
which is becoming of special concern to the biologist, fggfe is in-
creasing evidence that donpréacceptdr complgxéS’may”play‘anjimporyantv
role in certqin_piochemicai,processqsg Tyo recegﬁ;exgmpies~of
speculation'qlpqg theSg lipeé deal with two of the most‘importgnt
energy-transfer‘syéps in the life proceﬁs, ngpelngPN:DPNH“hydrggan
transfer and photosynthesis.

It is known (36)_thgt_the tréngfer*qf hydrogen from substrate
to DPN occurs directly at the'#-position“of’the'nqcleqtide ring, and
:'Ghancef(G) has given evidence for the existence of;DPNH-engyme’and
-DPN—substrgte complexes, .Kospwer (19) has found that the course of
substitution of the l-methylpyridinium ion is influenced by the

complexing ability of the donor, and he discusses the significance



~of this result in the light of Chance's findings.

Platt (35) has suggested a new photosynthetic pathway involving
a complex of the type

DONOR-~(carotene) --ACCEPTOR

as the "energy sink", the complexing being responsible for placing
thg enéigy of the carotene below that of the chlorophyll. He suggests
various ways in which this or other similar complexes might act as
active intermediates in photosynthesis.

The présent investigation is a prelude to what is hoped will
be a fairly detailed study of the polarized absorption and emission
spectra of several pblyacene-TNB‘ complexes, The immediate need -
for this study arises from the question of the origin of the emission
spectrum of the anthracene-TNB complex, The _earl'i:ér- idea (38) was -tha,f
.the emission is fram the triplet level of the hydrocarbonb‘and
is thus real}y donor phosphorescence, the T—%S'forbiddeneBS'rule
being broken down by the strong field of the' TNB., Later work (9a)
suggested that the emission consists of a fluorescence“compongnt i
(reverse of C-T absorption) and a superimposed polyacene phosphor- *
escence, The current status of the problem, as summarized by | “
ﬁcGlynn (20, 20a) is still one of some uncertainty.

The first pért'of the present investigation consists of a study
of the properties of the anthracéne&TNB complex in solution. " The
major part deals with the absorption spectrum of the anthracene-TNB

vcrystél.

* Abbreviations used here are as follows:

TNB = 1,3,5-trinitrobenzens; C-T = charge-transfer;
D= donor; A = acceptor; T= triplet; S = singlet.



II, THEORY OF THE CHARGE~TRANSFER COMPLEX

Molecular complex formation has long been thought due to the
combination of an electron donor (D) with an acceptor (4). Weitz
(42,43) and Weiss (40) suggested an ionic structure D'A~ and
predicted that a low ionization potential for the Lewis base D and a
high electron affinity for the Lewis acid A would lead to a stable
complex., Brackmann (3) came much closer to the present concept by °
proposing resonance between a "no-~bond" and a bonded structure in
which the color of the complex (assuming colorless camponents) is
due to the complex as a whole, and not localized to any one component,

The presently accepted ideas on the nature of the donor-acceptor
complex were set. forth by Mulliken in a series of papers (22-30)
beginning in 1950, His original concern was with complexes of the
benzene-iodine type (22), but he later (25) generalized his theory
to include all charge-transfer complexes of the weak type." The .
theory was applied specifically to the’TNB-pol&acene'éomplexes by
McGlynn and Bbggus (20). The following theoretical treatment
applies specifically to the TNB-anthracene system.

Thg wave function for a molecular compound DA in its ground

state can be written

d=aton + L) s, - @
where 9% is the "no-bond" wave function and includes the various
classical intermolecular forces such as dipole-dipole and dipole-
induced dipole interaction, hydrogen bonding, etc. The dative-bond

wave functions % and % correspond to electron transfer from one

member to another, resulting in the establishment of a weak



covalent bond involving the odd electroﬁ remaining“in D and A,
In the present treatment, 8))b, and ¢ can be taken as zero, Cor-
responding to 4; » there is also postulated an excited-state wave
function given by

b =arfivr ¥ (2)
where a'~ a, b'~ b, '

Starting with the ground-state wave function written as
é;v =a9? +b$0-._, (3

we define

Sie= [ R de |, By [YHhde @)

The energy is given by

. J¥wtas

= ’ 6
[¥¥dz (&
Substituting with (3) and simplifying, we find ’
a*Hy v 2ab Hia + Lle.z.
E = 2 S, + 2abSwe + B S2q (7
or E(a_‘S‘..+ 2ab S+ b 321) = a*Hu+ 2abHiw+ b Hea . (7a)

We wish to find the coefficients which minimize the energy. Taking

first the derivative with respect to a, and setting it equal to zero,

we obtain _ :
Bﬁ(a}s.. +20bSa+ b Saa)+ E(2aS0 + 26522) ;
o = 2 att 2¢Hay, (8
and E is a minimum when N
E (Zasn +246 Sq;) = 2aHupt+ 26 Hya. 9)

Similarly, minimizing E with respect to b, we have

E (ds|7_+LSzz_) = aH\ +tbHaa, (10)



Equations (9) and (10) can be rewritten
a(Hyw —-SLWE)+ b (Ha2~SuwE) =0

(92)
a (Hu -~ Sz E) + b (Hzl ‘SllvE) =0 (10a)
which are satisfied when the coefficients: a and b are such that
Hu—- Su E Hia~S €
=0
Hiz~ SwE Hza~ S E ‘ (11)

In the complex, the hamiltonian operator A for the separated
molecules is perturbed by their interaction, giving rise to a new
operator

=t n a
and we seek the corresponding energies, given by |

3 =D . a3
The secular equation (11) now becomes

Hi - (E- E°) Ha ~ES

Hia-ES Ea- €, Q4)

where E has been replaced by El.in the second diagonal element, and
AHéz has been dropped (it is small compared to E;f - Eg)'o The
- determinant is evaluated by multiplying the second row by

(Hi2 - ES)/ (Eg - El) and subtracting it from-the first:

) - (MA-ES)T o
H!\ - Etg- E. _
_ (15)
H\lz. -ES E, - E,
[ .
) (Hn..-ES) E°-E,) = O
(Hu-Aei- E’:~E| ( 2



and since the energies are non-degenerate,

(Ho-Es)*
QE=H - =g - (16)

Féllowing the usual convention, we replace El by Wb, the energy
ofvthe structure DA, and Ea_by Hl,‘the energy of D*A”, The ground-
and excitéd-state-energies are.wn and He, respectively; The relations
betwéen these quantities are shown in the simp}ified'qorrelation
diagram'of'rig. 1,

Equation (16) now becomes

(Hot -Wos)l.

AE, = E'ﬁ: =W~-W:-= weo - W, — Wo (}Z)
Similarly, for the excited state deriving from eq. (2), we have
L 8
(Hot'-Wl 5)
Weg= W, + YRV . (18)
The ratio of the coefficients is easily found, ‘Frgm-(14),
, —-——
o[, - (e-E)]+ b[Hi-ES] =0 19
or, again since ‘E-‘—-_HN is close to Ho’
a(W‘-We)*b (H",_—WOS) =0 (20)
whence ,
- H - WeS o
aly = - 1 .
W, - Wo (21)'

In the above equations, Wo includes the energies of the

. separated donor and acceptor molecules as well as all the vwarious
attractive and repulsive intermolécular forces, In addition, Wl

also includes an attraction energy of covalent and iomic bonding;

The difference between Hi and W is the sum of the donor ionization

potential and acceptor electron affinity. The ground-state resonance
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energy isvthé difference between Wo and WN, and will be-large if

(H,, - SWO)2 is large and Wl - W, is small, In the case of rel-

) §
atifely weak complexeé of the type under discussion, wo - WN should
be 0-10 kecal (20b). It is seen that @, has mostly no-bond char-
acter while igis mostly ionic; the transition connecting the two !
states thus corresponds to the partial transfer of an electron from
the donor (hydrocarbon) to the acceptor (TNB).

If we assume that the resonance energy,(WE - WN) is the primary
stabilizing force in the complex, then Ho and S must be non-zero,
requiring that @o and é.be of the same symmetry species (in the point
group of the complex).‘ THB most probably belongs to the point group
D3h’ and its ground state (considering only the m -electrons) is
cer-@DZem*am3(em™, 1A, while that of the anion TNB” is
probably ...(ag)z(e")4(a5)2(e")4(e")1, 2E“. Using the perimeter
method of Mofitt (21), the symmetry species of the ground state of
the anthracene cation has been assigned as 2328 (Dah) (20a). The
molecular complex, having oﬁly one plane of symmetry, belongs-to.Cih
or clh (both usually called Cs; see Fig. 2). Inspection of the

appropriate character tables shows that B
2

2g transforms like A" and
E" like A" + A', the latter being the only two representations of Gs.
Thus f}@.ﬂu ['g, = ATATAY = ArAmA" =AY, and;the transition is allowed

by symmetry.



ITI, PROPERTIES OF THE ANTHRACENE-TNB.COMPLEX IN SOLUTION

Previous studies_of molécular complexes have been carried out
in solution, and sinée-thermodynamic data so obtained are of import-
ancé in understanding charge-transfer bonding, some consideration of
the TNB-anthracene complex in solution seems pertinent here, It
has been studied by Bier (2a) and Briegleb (5) in carbon tetrachloride
and benzene., Their work hasvbeep_repeatedzhere-using'these-solvgnts
‘and 1,3-dioxane and ethanol in addition., |

The method of Benesi and Hildebrand (2) was used to determine the

equilibrium constants, This assumes the relation (for a 1:1 complex)

. xc
K = (22)

(XD - Xc)(XA - XC)
to hold, where XC is the mole fraction of complex, and XD and XA are

the initial mole fractions of donor and acceptor, respectively.
From the Beer-Lambert law,

D = log (I,/1) = (C)le (23)
where D is the optical density, (C) is the concentration of complex;
and € the extinction coefficient of the.complex at the observed
wavelength, This method is generally applicable to a 1:1 complex AB
where an absorption band exists which is characteristic of the complex
and outside the regions where A and B absorb separately? Substituting

concentrations for mole fractions and making B>? A, (22) becomes

c
kK= G-om (24)

or C

KAB - KAC (24&5
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Inserting (23),
D/1¢ + (D/1€ )KA = KAB (252

which can be written

% %-e + '-el- = %‘ e . (253«)

If BL/D is now plotted_asja function of 1/A, there should result a
straight line of slope 1/K€ and intercept 1/€ .

The.TNB used was Eastman 639 "white label®” and was;recrystalliged
(ffom alcohol and water., Neither a solid melt nor a 0,1M solution in
chloroform (1 cm cell) showed any absorption above 44004, Bécause
of its higher solubility and lower cost, it was (in most cases> used
as "B" in eq. 25a. The reagent grade anthracene was also recrystall-
ized from alcohol, The carbon tetrachloride, benzene, 95% ethanol, '
and dioxane were all redistilled prior to use. The dioxane was
additionally purified_by'the procedure gifén*inyeissberger;(kl).
‘Absorption measurements were made on a Cary model 14 recording |
spectrophotometer, in 1l- or 5-cm cells, with the hydrocarbon component
of the complex in the reference beam at the same concentration as in
the complex in the sample cell, . Runs were made at three or*;our
temperatures, held constant (within 0.5° C, byimeanéiof‘thermosta$ted
cell holders. In most cases five concentrations.of:TNB were used;
as well as a blank containing only hydrocarbons_ ihg*scanningfwas_
begun at a point well above the tail of the CT absorption; and was
continued at 20A/sec through the peak and into the aramatic bands,

The absorption readings were made to three sigﬁificant'figures; but
only the first two are really dependable. Details of the ealculations
are‘presented in tabular form in the appendix, along with the graphicall

analysis of a typical run, As well be discussed below, there'iS‘éome

uncertainty in the value of € , and this guantity was taken as constant
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for a given complex-solvent combination., The equilibrium“constants
obtained in this way were'uséd to calculate A H values, by means of :
the familiar relations

-AF = BT ln K | : (26)

2 (AE°\] - _ AaH®
[ar (é-r-_)] = T 27
(91’*'\') _ JdALK _ arc
2T J, AT ~  RT® (28)
d '&KP - - Ho
d (»?) R (282)

Beforevebnsidering"the above results, it is perhaps'pertingnt
to note some of the recent discussion (1, 20b) regarding fhe“validity
and meaning of data obtained by the Benessi—ﬂildebrand~netpod. |
Especially noteworthy is the contribution of Orgel and"Muliiken‘(Bz)
in which they'discuss the effects of formation of more than one 1l:1
complex with different orientations, and of "contact" CT spectra. j
They showlfirst"that;the>conventional-Benessihﬂildebrand'meth§d
- applied to measurements made at'bne'temﬁerature"doés=not permit one
to.distinguish‘between a system in whiéh'one“well-defined"compléi
exists, and“one;in'wh;ch several (differently oriented)'complexes:arg
present, The"obs;rved properties of complexes aré‘ statistigzal
averages over a11 possib1e cqﬁfigurations’in’thermal;equiliﬁrium.
and especially in relatively loose complexes like these, there is a
strong likelyhood that the observed>equilibrium~constant”K"isvmade !
up of severﬁl terms: |

K8 = 21K,
i 1



12

~ One ‘chéck on this is to élotjvalues of log K' against 1/F. The
-fﬁﬁﬁiifﬁg graph should be a,sfraight iine‘only‘if-one'cample# is
present (or if all the A H, are identical). Another indication of
multiple configurational complexes would be temperature dependence
of the effective oscillator strength.

The present results do not clearly show such an effect of any“
magnitude, although the small number of points taken, their scatter
due to experimental error, gpd the relatively narrow temperature
range would obscure a:gggll effecty There.is some indication (in
two indepéhdént-runs)lthat the apparent*tlH'of“anthracenahTKB‘in
carbon tetrachloride is higher at lower temperatures.'but'fnfther
discussion of the m;tter should await more detailed experimental
work, |

One of the greatest drawbacks of the'ﬁ—H'méthod“is*thax'Vaiuesz
~of € so determinedifbr'ﬁeakly“absorbing cbmplexes are subject to
considerabl;'uneertainty. In a given system, considerable scatter
of resuits-(showing no trends) was noted for oﬁservationS‘at'different
' temperatures,'and it wvas decided to také an "average" or "most prob-
abls" value of € for a given complex-solveni sysfem; There is feally
n& reason why it sﬁould be constant with temperatute and certainly
not with the solvent, but the present“%echnique'doéS'not'provide the
accuracy required to discuss these-effects even qualitatively.

The second point made by Orgel and Mulliken is that-intermol-
ecular charge-transfer spectra can occur as the result of specific |
interactions between donor and'aéceptor‘molecu}eS"through'mere =
physical proximity§_and that such interactions can existaeven‘if the

equilibrium constant for complex formation approaches zerc,
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Mulliken explains (30) contact charge-transfer spectra on the
basis that the acceptor orbital of the anion may exceed the van der
Waals size of the neutral acceptor molecule, permittingga'dopor
molecule to interact with it while still outside the van der Waais,
distance of approach, Orgel and Mulliken discuss the effects of such
contact charge-transfer complexing in terms of a simple'statisticgl
model,. The most significant result is that such behavior would result
.in a serious overéstimation of € ; if the equilibrium-constant
~app:oaches zero and all absorption is due to contact charge~transfer,
the 1/ € intercept‘occufs at zero and the results lose their meaning,
as shown in Fig. 5, page 14, | -

These points are mentioned here to bring out the fact that' the
interpretation of charge-transfer spectra  in solution is even more
_ 'ﬁncerta’in than in the case of "conventional" electronic spectira, and
it is correspondingly more ggpessary'to be cantious in applying
results of such sppdies.ﬁ?,éiﬁgf problens,

A good exampie of this is the effect of the solvent on the heat
of formation, as determined froum the;aquilibri&m'COnstant‘data"and
the graph of Fig. 6. In carbon tetrachldride, which‘should‘presupgbly
show the least interaction with the complex, it is 4.4 kcal. In the
other three solvents the value,is;betweenizaB kcal, and since it is
known that’ TNB forms complexes with benzene (16,17), ethanol*(ZOa),
(and no doubt with dioxane), it is obvious that we are not looking
at anything as simple as the 1l:1 TNB-anthracene complex  alone. The
same effect was noted in a similar series of experiwments with the
benzpyrene complex, in which the heat of formation was found to be

6,2 kcal in carbon tetrachloride and 3.3 kcal in benzene, Other
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authors have noted similar effects, and Kosower (19) finds a correl-
ation between the heat of formation of the charge-transfer complex

and the "Y-value" of the solvent,
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IV. THE POLARIZEDP CRYSTAL. SPECTRUM OF TNB-ANTHRACENE

The study of crystal spectra affords one the-opportﬁnity of
.éxamining'molacules which are held in fixed positions, and in favor-
able cases where the crystal structure is known, the use of polari?éd
light often permits one to find the direction of~the transition’m9ment‘
and to make important decisionS'regarding the assignment‘of'symmé;ry
species to the electronic states invglved; However, the very forces
which hold the molecules in position give rise themselves to effects
which radically change the appearance of the spectra from the vapor
or liquid states, Besides a cpnsiderable‘shift;(to the red) and:
change in intensity, other effects arise, such as mixing of nearby
strong and weak transitions, and splittingjof'a fairly intense
transition into fwo components, differing in intensity and polariz-
ation (Davydov splitting).

To understand these phenomena it is necessary to consider the
entire crystal as a molecule, and to replace "molecular states” by
"erystal states', where the symmeﬁry properties of the unit- cell:
assume'primary importance, This view was first applied to ionic
crystals by Frenkel (14,15) with much success, and was later applied
to molecular crystals by Davydov (12,13; see Craig, 8). i

The simplest view of a crystal which Davydov proposes is the
"oriented gas modei" in which there is no interaction between the
molecules, More practical'for all but the weakest transitions is
the "weak coupling™ model in which a small interaction occurs, which
however is not stfong enough to perturb the electronic structure of

the individual molecules, Thus the crystal ground state can be
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written as a product of the individual molecular wave functions
P, = @ © @05 On (29)

while in the excited state, any one of the molecules can be excited:
go= € €.€3 .- Qu

B = €€ 0.0 Q@ ‘ (30)
¢3= P.‘Qz_?g*"" ?ﬂ '
Interaction of these results in crystal states (unit cell wave funct-

ions) composed of linear combinations of the ;. v

$u = (G r bt b3 +Py:) i
P = (B E-d - Fe)
v V'LT.(¢|'¢1-¢3+¢9"') |
85 = L (fi-Fa-Fr - Foon) .

(G1)

in which the coambinations of molecuiar wave functions must transform
like representations of the unit cell symmetry group if the transition
is allowed.

Davydov considers the electrostatic interaction energy between
two molecules (a) and (b) which arises from the coulombic interaction

between the electrons (e) and the nuclei (n), and which can be roughly

expressed as

Vi,2 ® By ~ Bp8) + &) + nyny (32)
Further elaboration of the theory (8) results in the summation of
these terms over all atoms in the molecule, the derivation of a
crystal wave function, and finally in an expression for thgbshift

in peak position from the gas to crystal state,_aﬁd the splitting



19

betweén oppositely polarized components of corresponding peaks,
which can be written

4g*®" = (constant) + :lep + leq + ZIjr (33)
q r

where the Ijk are interaction integrals between the jth and‘k§g 
ﬁoleenles, p runs over all molecules translationally equivalent to

J, and the q, r, ete, run over all molecules related4i%§§'by thevothef
symmetry 6perations of the unit cell group. Tha'suﬁmé¢‘§;tera¢tion
intégraIS'are'takeh'in linear combinations corrasponding to those

of eq, 31 which are allowed.

The integrals Ijk are given by (34)
I, =~ —§:~\M[2 2 cos ©,,c08 0,, - cos 6,,co8 O, -~ cos O,, cos O
ik T r%kﬁ ' b B A - 3277 k2 RN B k3

in which M is the molecular transition moment (in 32) andvrjk is the
distance between their centers. The'angles'eklz 932, 9k3, etc., arg
angles made by the transition moment with an orthogonal set of axes
erected at its center, with edk referring to an axis along the 1line

connecting the centers of the two transition moments, !

Experimental.
Both the anthracene and TNB were  Eastman reagent grade. The

former was recrystallized twice from alcohol; and the latter from
water, The complex was prepared by combining a hot alcoholic solution
of anthracene with a hot concentrated solution of‘ TNB, and allowing
the mixture to erystallize in the dagki .The~orange“crystats-were
removed by filtration and recrystallized from concentrated alcoholic
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The samples were prepared by melting a smali‘quantity'of'the
solié'éémplex-bgtween'two\siiica-discg'(or a silica'disc'and“a'micro-
scopé cover glass) and aIlowing"the'melt'tO”cool under pressure,  In
order to obtain large uniform-areas, the“sampleﬂwaS“usually~paxttal;y
remelted ‘and cooled several times; the unmelted areas being used to
seed the remelted oness Examigation‘through the polériz;ng3migroe
scope located an area of sufficient size which showed uniformity and
complete extinction, The sample disc was then oriented on a brass
disc so that the pinhole (# 60 drill) in the latter corresponded with
the area to be~examined. The b:aSS"disc‘and~sample'were'then'piaced
;n~a‘Devar cell in such a manner that the direction of extinction
corresponded to either the horizontal or vertical axis of the optical
system, | ' R

The spectrograph was'a Hilger medium quartz prism instrument,
equipped with a Hilger motor-driven scanning attachment containing -

‘a 1P28 photomultiplier which was operated at 800 volts from a Cintel
stabilized supply. The detector was a Keithly Model 200 B eiectro-’
meter equipped with a decade shunti, The output of the meter: was
.connected-to a standard Leeds' & Northrup chart recorder. ‘The photo-
tube currents varied from full-scale meter readings of‘éﬁlO-B to
2x10'5 amperes, Ranges were changed by altering the shunt resistance,

The optical system is shown diagramatically in Fig. 7. The
light source was a six-volt, 18 ampere air-cooled projection'lamp,!
operated from a stabilized ac supply. A converging lens focussed
a spot'df light onto the pinho;e’écvering the sample, The emerging

“light was collected and‘made.parallel by a second lens, then passed

‘through' a'Wollaston prism. The resulting two beams were then
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focussed on the entrance slit of the spectrograph. The polarization
to be used was selected by rotating the Wollaston prism so that only
the desired beam fell on the slit, Before running a spectrum, the
optical system was adjusted so as to give equal intemsities in each
polarization at a wavelengthlweli separated from the' C-T absorption.
This adjustment was found to be very critical, and*after-making it
care was taken to avoid disturbing any part of the optical system
exéept'the Wollaston prism, After'recgrding the two spectra, the
sample was replaced by a simple aperture and the spectrum of the
light source and photomultiplier response were determined, Through-
out the process, care was taken to avoid diffraction patterns and
spurious effects due to chroamatic aberrations of the simple lenses
used,
In interpreting the results, it was assumed that the trans-

‘mitted light at a Qavelgngth outside the region of absorption was
th; same for both sample and reference beams., The readings of sample
beam intensity were then corrected to zero optical density at this
wavelength, and”log Ib/I_calculated. |
Results. Q

~Several spectra were run, and the results are in substantial
agreement, As expected (sea*following seetion'on'érystal structure),
the absorption is more intense along the long axis. The absorption
commences near 19000/cm ‘and rises sharply to form a broad band, the
most interesting féature'of which is the presence of a 1400/cm
vibrational interval, probably correspondiﬁg'to an anthracene ring
breathing'vibration; This is the first reported'observation‘of

vibrational structure in a charge-transfer-band, A second' point of
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~interest is that fhe”peaks»in the short-axiS“Polarized~absorption;
;re 10cated"100-200“/éh‘to the red of the corresponding peaks of the
other component., These shifts, though not much greater than the
accuracy and reproducibility of the method ( 100/cm), are always
seen,. Theyiappear'tO"be quite sensitive to thevnaturevof'th§~crys;a1;
preliminary experiments with a cfystal of’anthracene-containing’a~gma11
amount of complex showfé reversal of the shift, |

The spectrum sﬂown in Fig. 8 is most representative. The- appareat
absorption to the red of 16000/cm is attributed to reflection losses,
which are expected to change'with~wavelepgth; Thus the apparent:
"optical density should be corrected by extrapolation of the reflection
loss; Making such a rough extrapolation out to the center band -
(21700/cm) and subtracting the reflection from the optical densities
-of the two peaks.at this wavelength, we arrive at a very"épproximgte
optical density ratio (not polarization ratio) of 3:1,

Fig. 9 shows the ppectrum of the same sample at room*tempeiature.
The expected broadening obliterates the detail of the peaks, although
some structure remains in the strongly-absorbed polarization. The
optical density ratio is appfoximatély the‘same.

Preliminary studies have been made on the 9,l0-dimethylanthracene~
- TNB complex, and of anthracene-TNT (2,4,6-trinitrotoluene), and their
spectra are shown in Figs, 10-11, The apparently small optical ;
' density ratio is probably a consequence of the rather thick crystals
used, and further work on these‘complaxes is necessary. It is very

- difficult to obtain good single crystals of either of them..
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Discussion.

The orange acicular prisms of anthracene-TNB complex (as obtained)
by crystallization from solvents) show a strong dichroism when examined
in polarized light, the orange color being most intense when the light
is polarized along the long axis of the crystal. Similar examination
of a thin section of the needle (looking down the long axis) fails
to reveal any dichroism, Since the C-T transition'presumably occurs
with a moment perpendicular to the planes of the anthracene and TNB
molecules, these résults suggest that the crystal is made up of such
units stacked up along the long (c) axis., The relative intensities
of absorption in the two polarizations also indicate such a structure.

Detailed interpretatioh‘of the energy splittings cannot yet be
given, as the drystal structure of the.complex is not campletely
known, and certain questions regarding Davydov splitting calculations
and the effect of permanent  dipoles (as in TNB) on the splittings are
currently being studied and discussed, The calculations summarized
below are to be regarded purely as preliminary steps toward the explan-
ation of the obser#ad effects.,

The crystal structura of the complex has béen paftially determined
by Wallwork (39), who states that the‘crystals are monoclinic, = 133%°,
and belong to the space group C2/c (Ggh)‘ with eigﬁt'molecules (i.04,
four complexes) per unit celi; The molecules are stacked alternately
in a staggared manner in columns parallel to the ¢~axis, but tilted
by about 6° from the position in which they would be‘pe}pendiéular to
that axis, The unit cell dimensions are a = 11,69 A, bo = 16.36 A,

and e, = 13.23 A, The special positions are assigned as follows:
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Anthracene: 0,0,0; 0,0,%; %,%,0; %%, %.
TNB:. ' 0,7, %; O,¥,%s %y Bryo¥s Tskey, .
,Fig. 12 shows the general point positions and symmetry operatiomns
of the space group ¢2/c, and Figs. 13 and 15 show projections of
the unit cells (as deduced from Wallwork's data) in the ab and bc
planes, respectively,
Without knowing the wvalue of "y", the exact locations of the

TNB molecules cannot be known; in the present cglculations it has
been assumed to be 0,17 A, which would be the distance required to
tilt the line comnnecting the centers of the anthracene and TNB
molecules by 6°. It is further assumed that the molecules are
i@clined>along the b axis, and fhat*the transition mameh#sAare
- perpendicular to the élanes of the aromatic rings.,

| Theie ié some qﬁestion as to just what.cons£1tu£és é ¢omplex
"moleéule" in this crystal, and it is defined for’the,purposes of
the presen£ discussion as the pair of centers between ihiéﬁfthe
éharge-transfer précess is taking place., If we assume thatythis
prdcésg will oceur between parallel molecules in préferen¢é to ..
those‘inclined 12° vith respect to each other, then a knﬁwledge of
the relative directions of inclination of the TNB and antﬁraceﬁe
wquld fix the location of the complex "molecules'" in the crystal.
Tﬁus in Fig. 16 (pg 33), the transition moments are dra;ﬁ in two
diffe;ent ways, using the same 1ocations_of the individualfmolecules.
The caiculations summarized in Appendix.II.>are based 5# t#é*relation-
sﬁips of Figs. 16a, 14 and 15, and on a transifion moment ienéth of

0.88A as estimated from the absorption spectrum of Fig. & and the
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equilibrium constant data. The values of the interaction integrals
between molecule "O" (Fig. 14) and the other fourteen adjacent
molecules are calculated and given in Appendix II. The integrals
between molecules related to each other by the same“space'éroup

operations are summed.in the table below:

molecule "O" trams-  operation lek’ o~
formed into no,:
304 translation + 760
1,7. ¢ screw axis - 2440
2,6,8,5;
a+c /2 glide - -+ 1230

1o, 13, 14, 9.

Further.interpretation of the splitting awaits the completion of
work now in progress., It should be mentioned that there is reason
to feel that the relations shown in Fig. 16b may be more likely, and

it is hoped to confirm this shortly.

. Lo, Y

Fig. 16. PROJECTION OF TRANSITION MOMENTS IN A UNIT CELL

ON (100), Two possibilities are shown; part A is idéntical
with Fig. 15, TNB molecules are at heads of arrovws.
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APPENDIX I.

- . DETERMINATION OF THE EQUILIBRIUM CONSTANT OF THE TNB-ANTHRACENE
-COMPLEX. BY THE METHOD OF BENESI AND HILDEBRAND.

Solvent: carbon tetrachloride, Cells, 1 cm.

Stock solutions: Anthracene ("B"), 0.0337 M; TNB ("A"), 0.0119 ;
concentration of TNB in each sample was 0,953 mM,.

296°k 278% 331%"
‘ml "A" A 1/A D B/D D B/D D B/D

100 .0135 74,0 .168 5.67 4266 3,58 .--= lz,-
12 0162 62.7 .193 4.9% ,309 3,08 L460 10.35
14 L0189 52,9 .211 4.5l J348  2.7h  .533 8.9
16  .0216 46,3 241 3.96 .392 2,43 .599  7.95
18 L0243 41,1 .270 3.53 420 2,27 .66k  .7.18
20,0270 37.0 .29 3,24 453 2,10 733 6.50
22,0297 33.7 .320 2,98 484 1,97 .800  5.95

These results are plotted in Fig. 15 on the following-page.,: The
average intercept is taken as 1/ ‘= (0,70 + .05) x 10 3, or-
= 1430 + 100, The equilibrium constants are calculated: below.

'x
-

276°k: slope = 1/K = ,0485 x 10™°; K = .70/.0485»=v14,§.

296°K: K = ,70/.0775 = 9,0. - P
£331%: K =.70/.119 = 5.9.
'?ﬁf * ° The values for {'H of TNB-anthracene in various solvents are

calculated to be the following (see Fig. 6):

Benzene 2.7 kcal
. Ethanol 2.5

Carbon Tetrachloride 4.4

Dioxane v . 243
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- APPENDIX II,

NOTES ON' THE CALCULATION OF THE ENERGY SPLITTING '

The direction cosine between two lines j and k in terms of the
°rth°g°nal'cooédinates”(1,2;3)'is~givég'by

cos ij:= cos ejlcosekl + cos Bjaeos 9k2,+ cos ejsc_oslek3 .

By the use of this relation we can simplify Eq. 34:
S 2 3 e _
Ijk = = lMl - 3 cos 651 cos ekl cos @Bk- (34a)

‘Thus we must calculate the angle between the two transition moments,
and the angieS'between each moment and the line connecting their

centers., This problem is in general quite laborious, but is consid-
erably simplified when we assume (as we do here) that all the trans-

ition moments lie in the same plane or in parallel planes,

The calculation of.Ij for the various interactions (j =0, k = 1-14;
see table 14 for numberlng of adjacent moments) is summarized in the

following table, The transition dipole moment is estimated at- 0,88A.

k‘f cosOjk cos ij 3ab. 3ab-~cos r x10 Ijk

3, 11 =232 4232 ~,161  -1.16 1090 + 190 !
4, 12 +232  _ 232 -.161  -1.16 1090 + 190
1,7 +e399 4,999 +.987  +1.98 289 ~1220 ;
2, 10 -.009 _ 009 -,006 -0,98 810 + 216
6, 13 *+540 L 540 -.572 -1,55 3370 + 82
8, 14 +.280 _ 580 384  -1,36 985  + 246
5,9 —H2 _ap2 -,395  -1.37 3500 + 70

* value of k in Ijk' with j = O,



