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The C-13 shift for the as, molecular benzene mode has been calculated to be —0.334-0.04 cm™L This con-
firms our previous assignment of the major pairwise molecular excitation exchange interactions for the
az, vibrational exciton and enables us to pick an exciton density-of-states for the pure crystal. We also
calculate the natural-abundance isotopically mixed benzene crystal density-of-states and its spectrum.
Predicted in-band spectral resonances are consistent with published experimental data and facilitate their
interpretation in terms of Davydov components, density-of-states peaks, band center, site shift, and exciton
interactions. The implications and applications of the C-13 presence in “pure crystal” spectra are discussed.
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INTRODUCTION

The benzene crystal has played an important role
in our understanding of Frenkel excitons.! Considering
vibrational excitons, the out-of-plane (‘“‘umbrella’)
@5, mode has been of most interest, due to its high ir
intensity,? its large exciton bandwidth, and its history®
of assignments and misassignments. Recently new
experimental data, including polarizations, have been
obtained.®

Amaczingly, for a molecule that has often been used
as the classical example for the analysis of molecular
vibrations,” the isotopic C-13 shift of the only as, mode
of benzene has been recently under dispute.®5—# Values
from O to 4 cm™ have been quoted®® and this dispute
has had its feedback on the problem of ‘“resonance
pairs” in CgHs doped CgDs crystals.?®

In this work we have first calculated the as, C-13
shift and found it to be 0.33 cm™. This result corrob-
orated our previous assignment of resonance pairs?®
and the general validity of the exciton density-of-states
function which we calculated before for the idealized
pure benzene crystal (no C-13 content). Furthermore,
it enabled us to calculate the spectral features for the
real, natural abundance “neat” crystal. This calcula-
tion seems to solve some of the previous mysteries
concerning the assignment of the Davydov components.
It also serves as an example par excellence for in-band
resonances®™ due to isotopic impurities and clarifies
the influence of the latter on the width of the Davydov
components.

All crystals of benzene which are currently available
contain about 69, mole of ¥C2C;Hs due to the 1.19
BC isotope abundance in nature. Consequentiy, spectral
features of crystalline benzene such as the broadness
and splittings of Davydov components must be con-
sidered with regard to the effect of the BC12C;Hs
impurity on them, in contrast to what would be ob-
served if one had an isotopically pure crystal. We have
attempted to determine the effect of the ¥C2C;Hj
impurity on the »y(as,) vibrational exciton band of

benzene by assuming that the BC2C;H; represents a
dilute impurity in the crystal.

The problem of an impurity in a crystal and its
effects on lattice vibrations and electronic states has
been studied by many workers. Fundamental work on
the subject was done by Lifshitz!® who considered the
effect of localized perturbations in a system with a
continuous energy spectrum, and by Koster and
Slater,!'=1* who applied a Green’s function method to

* the study of the effect of an impurity on the electronic

states of a metal. We have utilized the method of a
single particle Green’s function in terms of the Green’s

TaBLE I. Frequencies and intensities of E;(0) for the CsH vn
vibrational exciton band.®

E;(0) Polarization
7 (em™) M2(j) (crystal axis)
1 —-17.2 0.50 a
2 —15.6 0.45 c
3 10.0 0.05 b

& References 2 and 9.

function of a crystal of pure benzene. The formalism
is developed in a review paper by Izyumov* and has
been used by Sommer and Jortner'® % in their work on
isotopic impurities in molecular crystals.

We have shown that more than one extra spectral
peak may result from a low concentration in-band
impurity (like C-13). Specifically, in this case, we can
identify one extra peak in the spectrum as being due to
the C-13, and show that the others correspond to the
three allowed Davydov components in the pure C-12
crystal (which has never been investigated experi-
mentally). The C-13 peak is also used for closer identi-
fication of the center-of-the-exciton-band, thereby
enabling a more accurate location of the forbidden
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Davydov component, as well as determination of the
exciton pairwise interactions, the density of states and
the dispersion relation. We also show the influence of
the C-13 impurity on the broadening and depolarization
of the Davydov components in the ‘“neat” (natural
abundance) benzene crystal.

METHOD

The optical spectrum of the impurity-doped benzene
crystal, d(E), was calculated from the expression for
optical density given by Herzenberg and Modinos,”
and by Sommer and Jortner!*16:

d(E) =1r_l Im Z Z Z % unau‘mﬁGna,mﬂ- (1)
Ghra,mg 1s the Green’s function for the mixed crystal
in terms of the crystal states in the localized basis,
| na) and | mB), where » and m are primitive cell
indices and a and B are site indices. The transition
dipole moment between the ground and excited molec-
ular states at site na is given by W,,={0]u|na),
where u is the electric dipole operator. Through use of
Dyson’s equation, Eq. (1) can finally be expressed as

d(E)=d"(E)+o"'L(E)T(E), (2)
where d°(E) is the optical density of the pure crystal,
d(E)=[NZ M(j) KM (7)E—E;(0) ]}, (3)

M ( 4) is the transition moment per primitive cell of the
jth exciton branch of the pure crystal and E;(0) is the
frequency of the Davydov component associated with
the jth exciton branch; the contribution of the single
impurity to the optical density is given by the second
expression on the rhs of Eq. (2), where ¢ is the number
of molecules per primitive cell, in the case of benzene
equal to four. Also,

T(E)= S M()YE-EOF, @
and
L(E)=g(E)U¢/{[1—UoF (E) P+n*Udg(E)?},
(S)

where go(E) is the density of states of the pure crystal
at frequency E, and Uy is the local perturbation of the
impurity molecule (“trap-depth’), equal in our case to
the difference in the frequency of the vy; vibrations in the
CsH and *C*C;H; molecules. F(E) is defined by the
integral

F(E)=P[[g(E"dE'/(E—E) ] (6)
If the concentration C of the impurity is finite but

low, the factor ¢! in Eq. (2) can be replaced by the
number of impurities ¢VC. Thus, for the dilute impurity
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F1e. 1. azu(vn) exciton band. Me=My=M.=0, M;11=0.7,
M1 r=4.1, M1 1v=0.9. [From J. C. Laufer and R. Kopelman,
J. Chem. Phys. 53, 3674 (1970).]

case (C«<1), Eq. (2) becomes
d(E)=d"(E)+NCL(E)T(E). @)

In our calculation, we used Eq. (7) to calculate the
effect of the “¥C2C;H; impurity on the pure C¢Hs
spectrum. We took C=0.06. The positions and in-
tensities of the Davydov components, E;(0), are taken
from the work of Hollenberg and Dows,? and are listed
in Table I. For convenience, the total optical density
of the spectrum was normalized, > ;M (j) =1, and the
M(4)¥s were assigned values proportional to the
relative intensities of their respective branches. The
density-of-states functions, go(E), have been pre-
viously calculated by us for various vibrational ex-
citons.® Using the same method, we recalculated go( E)
for the present band to a resolution of 0.9 cm™ with a
mesh of 195112 wave vectors. The input data was
identical with that given in Fig. 3 of Ref. 8, which is
reproduced here in Fig. 1. The value of U, was deter-
mined to be —0.33 cm™ by means of a normal mode
calculation on the *C"2C;H; molecule. The Appendix
gives the details of this calculation. It should be noted
that using as input data Fig. 1 or Fig. 2 of Ref. §,
instead of Fig. 3, would not appreciably alter our results
(see below). Our most suspect step is the utilization of
Eq. (7) for a concentration as high as 69.

DISCUSSION

The calculation of the C-13 shiftf(for ¥C2C;Hs) of
the molecular @s,(vy;) mode confirms the assignments
of Brodersen et al.®* and of Marzocchi et al.,% but dis-
agrees with the much larger value of Bernstein/ i.e.,
his spectral assignment of the 694.1 cm™' mode to
BC12C;Hsg. This enables us to retain the previous assign-
ment by one of us® of the 693.5 cm™ band observed by
Hall* as a “resonance pair’”’ band, in agreement with the
earlier assignment by Hollenberg and Dows? of their
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TaBLE II. G matrix for nonplanar vibrations

Su A S5 Sisa Sira
Su wrt+iP  —3C sG(1+4p) 2H/(6)' LH/2(6)*](14-3p)
Sy 8P — (4V3P/6) (1+4p) —247/(18)12 [—6J/(18)127(1+3p)
S srTEP(1+4p)? [27/(6)'2](1+4p) LJ/2(6)*%](1+43p) (1-+4p)
Stta 4B B(1+3p)
Srra er+1B(1+43p)?
S

m =mass of hydrogen atom
M =mass of carbon isotope

C~H equilibrium distance

C=ro/Ro= prro ;
C-C equilibrium distance

pr=mt

P=My M+ My + Mo Mo+ M

B=M '+ M+ M+ M

D=(4/My)+ M7+ M+ (4/ M) + M5+ M

J =M My — Mt — M
M= (4/My) = My + My — (4/M) + My~ — Mt

= My M — M M

I=—(2/M)+M+ My — (2/M) +M7 M
L= =My My M~ M

G=M =M+ My = M+ M — Mt

694.3 and 693.5 cm™! bands to “remnants of the corre-
lation coupling.” The resulting M 111 interaction is in
the range of 2.8-4.0 cm™. This should be compared to
the values of 2.84.1 cm™ derived from Davydov
components.?361818 The difficulty of assigning such
Davydov components, due to ¥C2Cs;H impurity bands,
is discussed below.

We have plotted the optical density spectra of the
BC2C;Hs impurity, as defined by CL(E)T(E) of
Eq. (7), in Fig. 2. In this figure, the three optically
allowed exciton branches, with polarizations parallel
to the crystal axes a, b, and ¢, are shown separately.
In the single impurity formulation of Eq. (2), the
Davydov components of the pure crystal are taken to
be delta functions of infinitely narrow bandwidth at
energies E;(0). The question then arises as to the
possibility that the broadness of the Davydov compo-
nents in the real crystal (3-10 cm™ in half-width) is
caused by the impurity. Hoshen and Jortner?® have
derived a simple expression for the impurity broadening
in the case we are concerned with, where Uy<W, i.e.,
the trap depth Uj is much smaller than the width W of
the exciton band. The impurity broadening of the jth

N
1

INTENSITY X 102

ENERGY (cm™)

F1e. 2. Calculated C-13 impurity induced absorption in the
benzene az, vibrational exciton band for the three crystal polariza-
tions. Molecular exciton data are from “set 3” of Ref. 9. Note
that only one side of the a and ¢ absorption peaks is shown here.
Note also that the “intensity’” is only an order of magnitude
indication and that it has been normalized so that the total pure
crystal intensity is unity.
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of the carbon isotopes of benzene.
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Sieb Siza Sia Siop
21/3v2 (I1/6VZ) (1+3p) L7/2(6)2](14p) (K/6VI) (1+p)
—8K/(6)1" [—2K/(6)"*](1+3p) (=2H/VZ) (1+») [—21/(6)"#](1+p)
(2K/3V) (1+4p) (K/6vZ) (1+3p) (1+4p) CH/2(6)'2](1+0) (1+40) (1/6V2Z) (1+p) (1+40)
4H/V3 (H/V3) (1+3p) L(1+p) (J/¥3) (1+»)
(H/¥3) (143p) (H/4V3) (14-3p)2 1L(1+p) (143p) (J/4V3) (1+0+30%
$D $D(1+4-3p) (J/3) (1-+0) M (1+p)
St pr+(D/12) (1+43p)* (J/4¥3) (1 40+ 3p%) (M /12) (1+3p) (1+p)
Sioa ur+iB(1+p)? (H/43) (1+5)*
Sioe pu+(D/12) (1+p)?

exciton branch, ¥ ( 7), is a function only of U, and the
impurity concentration Ca:

Y(j)=|Uo| (CaCg)'2 (8)

Taking C4=0.06 and Cp=1—C,4, wesee that ¥V (§) is
only about 0.1 cm™. Therefore the C-13 impurity is not
responsible for the broadening of the Davydov com-
ponents of the real crystal. The broadness of the im-
purity spectra shown in Fig. 2 exists only near the base-
line and does not contribute significantly to the hali-
width of any Davydov component.

Near the band center, at 0 cm™!, three maxima are
observed in the impurity spectra, one in each polariza-
tion. Because of the factor [E—E;(0) ™ in T(E) of
Eq. (7), the three maxima are not coincident. As long
as E,;(0) is not so close to the band center that its
optical density half-width encompasses the latter, it is
expected that one or more impurity induced “reson-
ance” absorption peaks may appear in a crystal spec-
trum of a particular molecular state. Marzocchi,
Bonadeo, and Taddei® have published polarized ir
spectra of crystalline benzene showing several absorb-

ances in the vy band which cannot be assigned to Davy-
dov components. They assign a depolarized peak at
688.5 cm™! to the ¥C2C;Hg impurity, and a polarized
peak at 691 cmi! to a “‘refractive index dispersion effect
between the sharp *C band (at 688.5 cm™) and the
strong and broad *C band.” In view of our impurity
calculations (Fig. 2), it is reasonable to assign the
688.5 peak to at least two of the three *C peaks ex-
pected to be present in the crystal spectra of the band.
The coincidence of these impurity peaks would then
account for the observed depolarization. The peak at
691 cm™ may then be assigned as another *C absorp-
tion.

There are several interesting apparent discrepancies
between current naive theories of mixed crystals and
the spectra of Marzocchi et al.5 The fact that the trap
depth, U, of the ¥C impurity is much smaller than the
bandwidth of the CsHs »1; mode leads to the expectation
that there should not be any impurity modes as such.?
However, the single impurity model which we have
employed does predict an intensity contribution from
the impurity, albeit with probably unreliable optical
densities. The experimental spectra do show peaks
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Tasie III. Frequencies of the out-of-plane vibrations of 2C¢H,

and BC2C;H,.
12CsHs 1BCRC:Hs
Mode (cm™) (em™)
v 672.854 672.529
I 992.06 991.21
s 705.81 702.10
Viza 983.82 983.82
Viga 404.17 404.17
vy 983.82 979.68
Viep 404.17 400.37
Vioa 850.95 850.95
Viop 850.95 848.69

assigned to the impurity that look almost as strong as
the weakest of the Davydov components. (However,
one should beware of the apparent intensity of a
satellite band.) Another fact is that the mixed crystal
data?4% on the »y; band in benzene seem to put the band
center at 697 c¢cm™!. The impurity induced peaks, if
they can be observed, are expected to be located very
close to the band center. However, an explanation
exists for the “‘shift” of these peaks to about 690 cm™!
in the spectra of Marzocchi ef al.® Bernstein, in his
investigation of various isotopic benzene systems,
points out an anomaly in the vy “‘site shift” of 23.9 cm™!
obtained from a CeHs doped CgD¢ host. This system
may not be an' “ideal mixed crystal.” Using as guests
CﬁHﬁD, C6H5D2 (p and m), C6H3D3, and CstH giVCS
values of 14-18 cm™, 1.e., a shift of about 8 cm™! less.
This would actually put the band center at about
687-691 cm™, in very good agreement with the location
of the ¥C induced bands. We see therefore that ¥*C
induced resonances (for UsKW) may serve as a new,
improved criterion for the location of the exciton band
center, and thus also for the determination of the site
shift.

Our above experience with the vy benzene exciton
band should serve as a warning about investigations of
so-called pure crystals. Obviously, many of the litera-
ture disagreements concerning the location of the
Davydov components of this exciton band,?36.18.19.21
and therefore the correct values of the exciton interac-
tion parameters,®®1® can now be straightened out.
Specifically it seems, both from the dimer assignment
(see above) and the Davydov component assignment
(see above), that the most reasonable vy exciton
parameters are the first two sets listed by us previously.?
The appropriate density-of-states for set 2 which agrees
with Marzocchi ef al.® is given in Fig. 1 (taken from
Fig. 3 of our previous paper®) .22 We see, therefore, that
C-13 induced bands may be a useful spectroscopic tool.
There is obviously still a need for more theoretical and

C. LAUFER AND R. KOPELMAN

experimental work on impurity modes in the benzene
crystal.

CONCLUSION

Since the trap depth of the BC2C;H; »y; vibration
with respect to the 2CgHjs vy mode is only —0.33 cm™,
the BC state is situated within the 2C¢H; band. Accord-
ing to calculations based on mixed crystal theory, the
impurity concentration of 69 is not expected to sig-
nificantly broaden the Davydov components of a pure
2C¢Hs crystal »y exciton band. Our calculations with a
single particle Green’s function model show however,
that absorptions attributable to the impurity are
expected to be present in the neat crystal spectrum.
In the polarized spectra of the vy band of the benzene
crystal by Marzocchi ef al., which show a peak assigned
to the BC impurity and another peak 2.5 cm™ away,
of different polarization, attributed to a refractive
index effect, we assign both peaks as impurity induced.
These assignments provide us with a new improved
value for the site shift (15-18 cm™) and confirm our
previously derived principal exciton interaction and the
exciton density-of-states. C-13 in-band resonances are
potentially useful tools in the investigation of energy
bands in molecular crystals, vibrational as well as
electronic (i.e., the first excited singlet).

APPENDIX

U, was determined from the difference in frequency
between the vy mode of 2C¢Hg and the »;; mode of
13C2C;Hs. The vy frequencies were obtained by doing
a GF normal coordinate calculation’ on each molecule.
The calculation was modelled on the earlier calculation
of Miller and Crawford® for the nonplanar vibrations
of benzene, and we used their choice of symmetry
coordinates and F matrix. The values of the F matrix
elements were taken from the later work of Whiffen.?
We derived the G matrix for the nonplanar vibrations
of the carbon isotopes of benzene; it is shown in Table
1. The eigenvalue problem was solved by an iterative
search subroutine on the CDC 6600 computer of the
University of Minnesota. Table IIT lists the frequencies
of the nonplanar vibrations of 2C¢Hs and *C"C;Hj
obtained from the calculations.
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Molecular Structure and Spectroscopy Symposium, Ohio State
University, Columbus, Ohio, paper C4, June 1971.
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Minnesota, Minneapolis, Minnesota 55455.
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Hydrogen Sulfide
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(Received 29 June 1972)

The technique of ion kinetic energy spectroscopy has been applied to a study of St formation from
H,S* and O+ formation from H,O"". Unimolecular formation of S* occurs by predissociation of the first
excited state via the repulsive 44, state of HyS*. Above the classical crossover region this reaction proceeds
rapidly on the mass spectrometer time scale but tunneling through the barrier occurs slowly and gives
rise to metastable ions which fragment with conversion of all the available potential energy to kinetic
energy. Collisional excitation of ground state H,S* yields excited ions which rapidly dissociate via the
14, repulsive surface to give substantially excited (z=2)H.. This reaction occurs with the partitioning
of some 309, of the available energy into translational energy of the products. The heat of formation of
S*, determined from the appearance potential, requires only slight correction for the excess energy term
arising from the potential energy difference between the crossover region and the ground state of the pro-
ducts because the repulsive surface is unusually flat. Ground state H;O" ions undergo collision-induced
excitation with loss of 2244 eV of kinetic energy to give a high energy excited state which
fragments directly to give O* (2D or ?P) and vibrationally excited H,. Appearance potential measure-
ments do not provide a reliable assignment of the products because of the excess energy terms. These
results are in contrast to earlier conclusions that fragmentation upon electron impact yields two hydrogen
atoms.

INTRODUCTION

The kinetic energy (T) acquired by the fragments
when a molecular ion dissociates offers a means of
probing unimolecular reactions.! It is advantageous
to study simultaneously the related process of col-
lision-induced fragmentation and to measure both the
kinetic energy (7T) released upon reaction and the
kinetic energy (Q') lost® by the reactant ion in these
collisional processes. In small molecular ions, where
excited states are well separated and where at least
some thermochemical data for these states are avail-
able, unimolecular®* and collision-induced* dissoci-
ation studies can be combined for a better understand-

ing of the nature of fragmentation reactions as well as
the thermochemistry of the system. The type of
question which can be addressed is as follows: (i)
does a particular reaction occur by predissociation?
(i) what is the approximate energy of the reactant
state? (iii) is the kinetic energy release consistent with
the formation of ground state products?

Reactions (1) and (2) have been chosen for study by
this method,

H,S+—S++H,(2H), 1)
HzO*'-—>O+'+H2(2H), (2)

both because of the intrinsic practical and theoretical



