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Transverse Optical to Longitudinal Optical Splitting and Dipole Moment Derivatives from
Infrared Spectra of Thin Fiims of Molecular Solids
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For a number of molecular solids as thin films, longitudinal optical (LO) and transverse optical (TO) frequencies have been
observed for molecular vibrations absorbing in the mid-infrared spectral region. From the LO-TO splitting, dipole moment
derivatives have been calculated from equations previously derived for molecules on sites of tetrahedral or greater symmetry.
For spherical top molecules these calculated derivatives are compared with values calculated from intensities reported in
the literature. The agreement is remarkably good considering that most of the intensity data was determined for the gas
phase and most of the solids have the molecules on sites of symmetry lower than tetrahedral. This offers a useful technique
for determining dipole moment derivatives and infrared absorption intensities for gas-phase species as well as molecular and

ionic solids.

Introduction

For a crystalline molecular solid, an infrared-active internal
vibration has TO (transverse optical) and LO (longitudinal optical)
modes generally absorbing at different frequencies. As pointed
out by Kittel,! for a given normal vibration the LO frequency,
v o, is greater than the TO frequency, vro, because the local
electric field causes polarization of the surrounding atoms in the
opposite direction for the LO mode but in the same direction for
the TO mode. This polarization gives increased resistance for the
LO mode but assistance for the TO mode. As discussed by Decius
and Hexter? and by Turrell® the quantity (v o? — vo?)!/? is
proportional to the dipole moment derivative for that normal
vibration. The expression is relatively simple for molecules on
sites of 7, or greater symmetry in cubic crystals but becomes more
complex as the site symmetry is lowered. For molecules on sites
of lower than tetrahedral symmetry each infrared-active molecular
vibration may have more than one transverse and more than one
longitudinal mode. However, for molecules that are isotropic
(spherical tops) when isolated, even though they suffer some loss
of symmetry in the crystal lattice, it seems that the lower site
symmetry should not be critical and that one might obtain useful
dipole moment derivative calculations from observation of the
average LO-TO splittings for molecular solids of lower than cubic
symmetry. We have observed such splittings for a number of
molecular solids and wish to compare the results with intensity
measurements already in the literature.

It was shown by Berreman* that, for a thin film of a cubic
crystal, for radiation at nonnormal incidence, absorption can occur
at a transverse optical mode frequency for radiation having an
electric field component parallet to the film surface and at a
longitudinal optical mode frequency for radiation having an electric
field component perpendicular to the film surface. The film
thickness must be significantly smaller than the wavelength of
the LO and TO frequencies. Indeed he presented as an example
the transmittance spectrum for s-polarized and p-polarized ra-
diation through a LiF film 0.20 um thick, with the radiation
incident at 30° to the plane of the film. The s-polarized radiation
has its electric vector parallel to the film surface while the p-
polarized radiation has its electric vector in the plane defined by
the incident beam direction and a normal to the surface. We have
used this technique with infrared spectroscopy to observe the
LO-TO splitting for a number of molecular solids. The results
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are used to calculate dipole moment derivatives which are com-
pared to those derived from intensity measurements reported in
the literature. In the course of these studies we have observed
some rather remarkable isotope and other impurity effects which
we shall discuss in a later article.

We note that there have been other observations of LO modes
appearing in the infrared spectra of solids at nonnormal incidence:
for example, for CO,*¢ for CO,,” and for SiF,.%% These will be
discussed below along with our observations.

Theory

As pointed out by Vedder and Hornig,'% as well as Haas and
Hornig,'® Turrell,’ and Decius,!! for molecules on sites of T or
greater symmetry

VLOZ - VTOZ = (N/7I'C2) [(naz + 2)/3nw]2(aﬂ/ag)2 (1)
w2 = v1o? + (N/97c?)(n.? + 2)(8u/3Q)? (2)

In these expressions n., is the refractive index at high frequency,
which is also the square root of the dielectric constant at high
frequency, (e.)!/%. N is the number of molecules/cm?, and v is
the frequency of the oscillator in cm™ “expected in the absence
of the long-range, electrostatic coupling”.!! The quantity du/0Q
is the derivative of the dipole moment with respect to the normal
coordinate for vy (0 — 1). The subscripts LO and TO are for
longitudinal and transverse optical modes.

The units of 8/3Q are cm*? s™! which equals esu g™'/2. Much
of the data in the literature are given in these units; however, it
is now more appropriate to use SI units which for du/dQ are e
u"'/2 where e is the magnitude of the charge on an electron (4.803
X 10719 esu or 1.6022 X 10~'? C) and u is the atomic mass unit
(1.66054 X 1072 kg). Therefore, to convert the units of du/dQ
from esu g7'/2 to e u™/? in eqs 1 and 2 we must multiply the
coefficient of (du/3Q)? by (4.803 X 107192 X (1.66054 X 107%4)"!
= 1.3892 X 10°. Including this factor in eq 1 we find

du/0Q =
(14274 X 10/ N' ) 3./ (n.2 + D) o? = 110D (3)

The quantities 7. and e. are not known for many crystals;
however, for a number of ionic diatomic crystals Kittel (ref 1, p
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190) reports ¢, ranging from 1.5 to 5.4 (or n, = 1.2-2.3). For
molecular crystals we believe that n. should be significantly less
than 2.3. It is reported as about 1.5 for liquid CCl,.'? We note
that if we limit n, to the range 1.0~2.5 the quantity 3n./(n.2 +
2) varies from 1.0 by less than 6%. Therefore, for cubic crystals
we feel secure in reducing eq 3 to

du/0Q = (1.4274 X 108 /N (v 02 - vrod)/2 (4)

in which the units are cm™' for », molecules/cm? for N, and e u!/?
for du/dQ.

Thus observation of v o and vyo for molecules on sites of
tetrahedral or greater symmetry should lead to reasonably accurate
values of du/dQ if the approximate density is known. The error
introduced by assuming 3n./(n.2 + 2) = 1.0 is less than 6%. It
seems that for noncubic crystals the polarization forces for nor-
mally isotropic molecules will not be greatly altered and thus eq
4 may give a fairly good value for du/dQ. Part of this report is
aimed at testing this hypothesis, using weighted averages where
more than one peak is observed for » o and/or more than one peak
is observed for vrq.

Intensity Relations

Some intensity data are available from various sources, which
will be referenced when used. The units vary in published reports;
however, Pugh and Rao!3 give conversions among the various units.
For a given sample one observes the integrated absorbance, B =
(cm™)(In [Iy/11), for a given concentration, ¢, and path length,
d. A common measurement of intensity is B/cd which has units
of cm/mol when ¢ is in mol/cm? and 4 is in cm. However, this
leads to rather large numbers and the preferred units are km/mol,
leading to

S = (B/cd) X 10 km/mol (5)

with ¢ in mol/cm® and d in ecm. The ordinate of integrated
absorbance, In [/o/1], has no units but one must keep in mind that
natural logarithms are generally used and that otherwise a cor-
rection multiplier must be applied. If instead c is in atmospheres
the observed intensity is often reported as

S’ = 4.064S ¢cm2 atm™ at 300 K 6)

The units of eq 6 are those reported by Pugh and Rao!® in the
most thorough list of intensities found in the literature.

Intensity relations have been discussed rather extensively in the
literature.'4!*  From these articles and the work of Brown and
Person'® and that of Fox and Person!” we find

au/80, = (S/g)' (3 X 10%) /7N,2e%' 2 (w,/p)'/? ()

Ineq 7, e = 4.803 X 1079 esy, N, is 6.0222 X 102 molecules/mol,
¢ is the velocity of light, g is the degeneracy of mode s, S is the
intensity in km/mol, and du/d(Q; is in units of e u'/2. We note
that the harmonic frequency, w,, is generally only slightly greater
than the observed fundamental, »,, except perhaps for hydrogen
stretching frequencies. Thus, the ratio (w,/»,)'/? can be well
approximated by 1.0. Making the indicated numerical substitu-
tions in eq 7 we find

du/0Q, = 0.03203(S/¢g,)'/? ®)

As above, S is the intensity in km/mol, g, is the degeneracy of
mode s, and du/dQ; is in units of e u™'/2,

We have chosen to calculate du/3Q, from intensities reported
in the literature for comparison of du/dQ; calculated from v o2
- v1o° as an indication of the usefulness of eq 4 for both cubic
and noncubic crystals.

(12) Handbook of Chemistry and Physics, 64th ed.; CRC Press: Boca
Raton, FL, 1983.

(13) Pugh, L. A;; Rao, K. N. Molecular Spectroscopy: Modern Research
II; Academic Press: New York, 1976; Chapter 4.

(14) Person, W. B.; Zerbi, G. Vibrational Intensities in Infrared and
Raman Spectroscopy; Elsevier Scientific: New York, 1982; Chapter 4.

(15) Person, W. B.; Steele, D. Molecular Spectroscopy, The Chemical
Society: London, 1974; Vol. 2, Chapter 5.

(16) Brown, K. G.; Person, W. B. J. Chem. Phys. 1976, 65, 2367.

(17) Fox, K.; Person, W. B. J. Chem. Phys. 1976, 64, 5218,

Jones and Swanson

MAX= 3.0

2. 704

2. 104

ABSORBANCE

8,301

I 4 |
856, 930, 1650, CH-1
Figure 1. The v; mode of SF¢ at 70 K for a thin film deposited at 70 K.
Thickness is about 0.3 um. Substrate is at 25° to incident beam through
rotation about vertical axis. Upper curve with polarizer horizontal, p
polarization. Lower curve, s polarization.

Experimental Section

Thin films of several molecular solids were prepared by de-
position from the vapor phase onto a cold CsI window mounted
in a Displex refrigerator. The amount deposited varied from 0.1
to 0.2 Torr L which we estimate gave a thickness of 0.2-0.4 um
(based on intensity measurements) which, for mid-infrared ab-
sorption, should satisfy the Berreman equations.* The film was
rotated about the vertical axis so that the incident beam was at
30° (sometimes 45°) to the plane of the film. A germanium
“double diamond” polarizer (purchased from Harrick Scientific
Corp. Ossining, NY) was inserted in the beam to distinguish
between vibrational modes parallel to the film substrate (TO) and
those normal to the film substrate (LO). The spectra were ob-
served with a Fourier transform spectrometer (Bomen DA3-002
or Nicolet 7600) using a KBr beam splitter and wide-band MCT
detector. The resolution was generally 0.5 or 1.0 cm™'.

The frequency measurements are accurate to 0.1 cm™. An error
of +6 for v o and -6 for vrg leads to an error of [1006/(v o =
v1o)]% or 0.1% if 6 = 0.1 cm™!, and the frequency difference is
100 cm™!. This error is negligible compared to the 6% uncertainty
in the refractive index expression of eq 1. However, the TO modes
show some splitting and taking a weighted average will no doubt
introduce some further uncertainty. Furthermore, alteration of
eq 1 and 2 for sites of lower symmetry than tetrahedral® leads
to further uncertainty but, as we have stated above, testing the
agreement with experimental intensity measurements is a major
goal of this report.

Resuits

LO-TO Splitting for SF,. In Figure 1 we show the absorption
spectra at 70 K for the »; mode of SF in a thin film about 0.3
um thick, deposited at 70 K. The substrate of CsI was at 25°
to the incident beam. The isotopic concentration is that of natural
abundance (95.0% S and 4.2% S). The lower curve is for
s-polarized incident radiation (polarized paraliel to the plane of
the film), while the upper curve is for p-polarized radiation. The
high-frequency peak at 1002.1 cm™ and its satellite at 987.6 cm™!
are obviously polarized completely perpendicular to the film plane
and are thus due to LO modes. The lower frequency absorptions
are all parallel to the plane and thus arise from TO modes. Figure
2 shows the spectra of the », mode in the same sample. We see
the high-frequency LO mode at 618.5 cm™ and TO modes at
610.5, 607.8, and 606.6 cm™'.

The crystal structure of SF¢ below 94 K was determined by
Raynerd et al.'® to be hexagonal (P3ml [D,;']) with three

(18) Raynerd, G.; Tatlock, G. J.; Venables, J. A. Acta Crystallogr. 1982,
B38, 1896.
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Figure 2. The v, mode of SF4at 70 K for a thin film deposited at 70 K.
Thickness is about 0.3 um. Substrate is at 25° to incident beam through
rotation about vertical axis. Upper curve with polarizer horizontal, p
polarization. Lower curve, s polarization.

molecules per unit cell between 50 and 94 K. At lower tem-
peratures (T < 50 £ 5 K) the structure distorts slightly to a lower
symmetry (probably monoclinic with Z = 6). NMR!® and Ra-
man?® studies indicate that there are two distinct sites in the SF
lattice. Thus, there may be more than one infrared-active TO
mode and more than one infrared-active LO mode for solid SF;.
However, of the LO absorptions we believe the weak peak at 987.6
cm™! arises because of the presence of 4.2% S impurity in the
sample—we are unable to obtain pure *2SF;. This will be discussed
further in a later article on the effect of impurities on the LO and
TO modes. We believe the true infrared-active LO frequency for
pure 32SF; is then slightly above 1002 cm™. The TO frequency
we take as 903.0 cm™!, which is a weighted average of the strong
peaks at 989.7, 903.8, and 917.3 cm™'. The weak peak at 870.2
cm™ arises from the combination mode v5(Fy;) + v6(F,). Thus
for calculations of du/8Q; from eq 3 we use vro = 903.0 cm™!
and v g = 1002.1 cm™. Similarly for v, we use vyo = 607.5 cm™
and v o = 618.5 cm™.

From the crystal structure'® the quantity N to be used in eq
3is 1.12 X 10% molecules/cm?. From the above TO and LO
frequencies we then calculate from eq 4 that

Ou/0Q, = 0.588 eu/?  du/d8Q, = 0.157 eu'/2

Person?! gives preferred intensities for the gas phase of SFg, as
S = 1075 and 75 km/mol for »; and »,, respectively. From these
values we calculate

3u/00; = 0.606 e w2 3u/3Q, = 0.160 e u'/2

This agreement is quite good, indicating that even for this noncubic
crystal lattice eq 3 is appropriate and can be used to estimate peak
intensities. We note that Dows and Wieder?? reported intensity
measurements for solid SF, and found an S value of 1040 km/mol
for vy and 122 km/mol for »,. From these values and eq 8 we
find

3u/80; = 0.596 e w2 * 9u/3Q, = 0.204 e u~'/?

Our own observations are that the ratio S,/S; is indeed greater
for thin solid films than for the gas but not as great as found by
Dows and Wieder.22 The observed absorption bands in these solids
have extensive wings which lead to uncertainty in the baseline for
area measurements and possible error in the estimated intensities.
It is also possible that these thin films are uneven, leading to the
“hole” effect discussed by Davies et al.,22 which would lead to

(19) Garg, S. K. J. Chem. Phys. 1977, 66, 2517.
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(21) Person, W. B.; Zerbi, G. Vibrational Intensities in Infrared and
Raman Spectroscopy; Elsevier Scientific: New York, 1982; Chapter 14.
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Figure 3. The v; mode of SFg at 70 K for a thin film deposited at 70 K.
Thickness is about 0.2 um. Substrate is at 45° to incident beam. Upper
curve, p polarization. Lower curve, s polarization.

weaker bands appearing relatively stronger. In any case our results
suggest that the gas-phase intensity for », agrees somewhat better
than that reported for the solid when compared with calculations
from LO-TO splitting using eq 3. The errors in intensity mea-
surements are believed?* to be better than 2:10% for v; which would
lead to a possible £5% error in du/dQ, and somewhat less?! for
v,. Thus the agreement is well within experimental error for all
but the v, intensity for the solid.

At this point we also investigate the usefulness of eq 2. In fact
this equation, combined with eq 1, can give a useful expression
from which it may be possible to estimate the refractive index at
high frequency, n...

[na2/ (2 + 2)] = (v?) / (vp0® — ¥10%) %)
which by rearrangement gives
ne = [2(vg = v1o?) / (10 = ¥eH)]'/? (10

If we take the eigenfrequency, v, as that of the isolated molecule
(gas-phase values of 947.5 and 615 cm™ for v, and »,, respectively),
we calculate from eq 10 that n,, = 1.24 from »; and 2.06 from
vs. These numbers are not unreasonable; however, they are ob-
viously not in agreement with each other. Actually the v, values
used should be those of the SF; molecule surrounded by other SFy
molecules without the long-range electrostatic coupling which leads
to the LO-TO splitting. The closest we have to this situation is
for dilute SF, in thin films of SeF4 for which we find 611.5 and
938.0 cm™! for », and vy, respectively, of SF;. Using these values
for v, in eq 2 we calculate n., = 1.03 from »; and 1.08 from »,.
These values are essentially in agreement; however, they are
certainly too low. Equation 10 is for molecules on sites of tet-
rahedral or higher symmetry. From the more general equations
given by Turrell,> we can modify eq 10 to

ne = [(1/8) = 112 [(ng® = v10?) / (v10?) / (vL0? = »e)]'/2 (11)

For molecules on sites of tetrahedral or higher symmetry 8 = 1/3,
giving eq 10. For lower symmetry sites 8, which is a constant
modifying the polarization field,? can vary from 1/3. For SF;
the crystal structure!® indicates that there are molecules on two
different sites, of D,; and C,, symmetry. Therefore, we can expect
£ to be different than 1/3. If we assume a reasonable value of
1.3 for n,, we find that 8 = 1/4.3. We are not sure how g should
change with site symmetry; however, it is clear that eq 10 is
unsatisfactory for sites of lower than tetrahedral symmetry.
LO-TO Splitting for SeF,. Figure 3 presents the polarized
spectra of the v, mode for a thin film of SeFs. One LO mode is
observed at 805.7 cm™! and a TO mode at 757.0 cm™ with a weak

(23) Davies, B.; Poliakoff, M.; Smith, K. P.; Turner, J. J. Chem. Phys.
Lett. 1978, 58, 28.
(24) Schatz, P. N.; Hornig, D. F. J. Chem. Phys. 1953, 21, 1516.
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Figure 4. The v, mode of UF4 at 150 K for a thin film about 0.2 um thick

deposited at 150 K. Upper curve, p polarization. Lower curve, s po-
larization. Substrate at 40° to incident beam.

shoulder at about 764 cm™. We note that the ratio of LO to TO
intensity is less than for SF in Figure 1, primarily because the
angle of incidence of the spectrometer beam to the film plane is
greater. The structure of solid SeF is not known to us; however,
we expect it to be similar to that of SF; except for the slightly
larger molecular size. We then calculate the value of N in eq 3
as 1.02 X 10?2 molecules/cm? compared to 1.12 X 10> mole-
cules/cm? for SF;. Then from eq 3 and the above LO and TO
frequencies we calculate du/8Q; = 0.349 ¢ u™!/2,

Intensities for SeFg have not been reported in the literature;
however, we can estimate the values from the intensity in our thin
films and from relative intensities in krypton matrices containing
known amounts of SF; and SeF;. Thus, from the mixed matrix
we find that the intensity/mole for v; of SeF is about 1/3 that
of v; of SF,, or 347 km/mol. We find essential agreement with
this from the intensity in the lower spectrum in Figure 3 for which
we believe the film thickness is about 0.25 um. From this value
for S, using eq 8 we calculate du/0Q; = 0.344 e u~'/2, in excellent
agreement with the value of 0.349 calculated from the LO-TO
splitting.

We estimate a value of vy as 772 cm™ which we have observed
for 5% SeF; in a matrix of SFs. From eq 11 if we assume 8 =
1/4.26 as we found for SF we calculate n,, = 1.2 which may be
a bit low.

LO-TO Splitting for UFg. The polarized spectrum for the 3
mode of UF is shown in Figure 4. We find the LO mode at 656.2
cm™! while the TO mode appears at 590.7 cm™! with satellites at
584.5 and 604.2 cm™!. The weighted average for the TO mode
is 592 cm™. The crystal structure has been determined® to be
orthorhombic (Pnma), with a density of 0.866 X 1022 mole-
cules/cm?. Using 656 and 592 cm™ for the LO and TO modes,
respectively, we then find, from eq 3, du/8Q; = 0.434 e u™/2. The
most recent intensity measurement for », in the gas phase is given
as 750 £ 15 km/mol by Person et al.?6 From eq 8 we then
calculate du/8Q; = 0.506 £ 0.005 e u™'/2, Thus the intensity
measurement gives a derivative about 16% higher than obtained
from the LO-TO splitting. This is more than our estimate of
£10% error from use of eq 3. We note that the uncertainty in
the intensity measurement2® may be a bit optimistic especially
considering the difficulty of handling UFg and the lower values
reported earlier.!”?’

For v; 617-619 cm™ was observed? in dilute matrices of UF
in rare gas solids. If we use 618 cm™! for ug of the solid, from

(25) Wyckoff, R. W, G, Crystal Structures; Wiley: New York, 1964; Vol.
2

(26) Person, W. B,; Kim, K. C.; Campbell, G. M.; Dewey, H. J. J. Chem.
Phys. 1986, 85, 5524.

(27) Kim, K. C,; Person, W. B. J. Chem. Phys. 1981, 74, 171.

(28) Paine, R. T.; McDowell, R. S.; Asprey, L. B.; Jones, L. H. J. Chem.
Phys. 1976, 64, 3081.
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Figure 5. The »; mode of SiF, at 70 K for a thin film about 0.2 um thick
deposited at 70 K. Upper curve, s polarization. Lower curve, p polar-
ization. Substrate at 25° to incident beam.

eq 11 we fine n,[8/(1 = 8)}"/? = 0.80 compared to 0.72 for SFj,
suggesting larger n., or larger 8 for UF,.

LO-TO Spilitting for SiF,. There have been numerous in-
vestigations of SiF, Raman and infrared spectra. Bessette et al.?
from Raman spectra have reported in the »; region a longitudinal
mode at 1057.3 cm™ and a transverse doublet at 991.3, 987.8 cm™.
They also report for the », mode an LO frequency at 407.5 cm™!
an a TO doublet at 373.3, 370.6 cm™!. Schettino® has observed
these frequencies also. From the polarized infrared spectra, as
shown in Figure 5, we observe only the »; region and find v g =
1057.8 cm™ and v = 991.1, 987.8 cm™! in excellent agreement
with the Raman results of Bessette.! From these frequencies, using
eq 3, we calculate 9u/0Q; = 0.475 e u”/2 and du/d8Q, = 0.211
e u'/2, Intensities for SiF, vapor were reported by Schatz and
Hornig.?* From their results we calculate du/3Q; = 0.449 e u™'/?
and du/8Q, = 0.197 e u”!/2. The agreement is quite satisfactory.

The crystal structure of SiF, was determined as cubic with one
molecule per primitive cell.? As pointed out by Bessette et al.®
and by Schettino® the doublet structure for the TO mode is not
consistent with a cubic structure with one molecule per primitive
cell and it was suggested® that the structure may be in error and
should be redetermined. We are not aware of any redetermination
of the structure since 1954.2 However, we believe another possible
explanation should be considered; namely, the TO doublet
structure may arise from the presence of isotopic impurities in
Si of natural isotopic abundance (92.2% 2Si, 4.7% 2°Si, and 3.1%
30Si) leading to loss of translational symmetry. The result can
be infrared activity of modes for which the wave vector k = 0
as well as the appearance of local impurity modes. This will be
discussed further in an article on the effect of impurities and
defects.

Since the molecules are on sites of T, symmetry eq 10 should
apply. Dilute SiF, in SeFg shows a peak at 1026 cm™ which we
assign to »,. This, along with v and v, in eq 10, yields a value
of 1.35 for n., using eq 10 we calculate v, = 389 cm™! for the »,
mode, somewhat lower than the gas-phase value of 391 cm™, as
expected.

Bernstein and Meredith® have observed Raman spectra of large
single crystals of SiF, and find no “observable changes” in the
spectra at various scattering angles between 0° and 90°. They
cite this as evidence that the LO-TO splitting model® is incorrect
and propose that the two modes arise from factor group splitting,
implying that the reported crystal structure is incorrect and SiF,
has a multimolecular unit cell. This splitting of 68 cm™ is ex-
tremely large for factor group splitting; furthermore, our infrared
studies, showing peaks at exactly the same frequency as the Raman
peaks?® and strong polarization for the LO peak, confirm the
LO-TO splitting explanation.?

LO-TO Splitting for CF,. The crystal structure of CF, is
reported?! as monoclinic, space group P2,/c (Cy°), with four

(29) Atoji, M.; Lipscomb, W. N. Acta Crystallogr. 1954, 7, 5917.
(30) Bernstein, E. R.; Meredith, G. R. J. Chem. Phys. 1977, 67, 4132.
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ization. Substrate at 25° to incident beam.

molecules per unit cell. From the results of ref 4 and far-infrared
spectra the structure was reinterpreted®? as belonging to space
group C2/c. The number of molecules/cm? is 1.505 X 10%2
compared to 1.263 X 102 for SiF,. These numbers are about in
the inverse ratio of the molecular volume as expected for similar
packing. However, since the symmetry is lower, we may expect
more complex spectra.

The polarized spectra in the v, region for a thin film of CF,
are shown in Figure 6. The TO portion from 1200 to 1270 ¢cm™!
is similar to that reported by Fournier et al.® The weighted
average is 1235 cm™. We observe an LO mode at 1337 cm™.
For v, we observe a TO doublet at (629.2, 629.8 cm™!) and an
LO peak at 631.7 cm™'. From these sets of values we calculate
fromeq 4

/3@ =0.5% euV/y,  9u/60Q, = 0.061 e u!/2

Averages of several intensity measurements are reported by
Person?! with standard deviations as S; = 1080 £ 177 km/mol
and Sy = 11.7 £ 2.2 km/mol. From these values and eq 8 we
find

u/90; = 0.608 % 0.052 ¢ u™!/2
du /30, =0.063 % 0.006 ¢ u~!/2

The agreement is excellent.

LO-TO Splitting for CCl,. The crystal structure of CCl, has
been determined to be monoclinic® with space group C2/c with
32 molecules per unit cell. From the density of 1.94 there are
0.76 % 102 molecules/cm?3. From Figure 7 we see there are two
TO absorptions, at 759 and 781 cm™'. These two peaks arise from
v and the combination v, + v, in Fermi resonance with v, (see
ref 35). Analysis of the Fermi resonance puts the unperturbed
vpo at 767 cm™.. The LO mode is seen at 799.8 cm™'. From eq
3 we then calculate 0.370 e u™'/2 for du/8Q,. Intensity studies
over the years give quite varied results for CCl, vapor!? leading
t0 du/8Q; ranging from 0.303 to 0.376 € u™!/2. However, intensity
measurements*® in the solid state give du/0Q; = 0.376 e u™'/2 and

(31) Bol’shutkin, D. N.; Gasan, V. M.; Prokhvatilov, A. I.; Erenburg, A.
1. Acta. Crystallogr. 1972, B28, 3542,

(32) Sataty, Y. A.; Ron, A.; Herbstein, F. H. J. Chem. Phys. 1975, 62,
109

(33) Fournier, R. P.; Savoie, R.; Bessette, F.; Cabana, A. J. Chem. Phys.
1968, 49, 1159,

(34) Cohen. S.; Powers, R.; Rudman, R. Acta. Crystallogr. 1979, B35,
1670.

(35) Jones, L. H.; Swanson, B. I; Ekberg, S. A. J. Phys. Chem. 1984, 88,
5560.
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Figure 7. The (v, »; + ) Fermi doublet of CCl, at 110 K for a thin
film about 0.1 um thick deposited at 110 K. Upper curve, s polarization.
Lower curve, p polarization. Substrate at 30° to incident beam.
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Figure 8. The v, mode of CH,4 at 10 K for a thin film about 0.3 um thick
deposited at 25 K. Upper curve, s polarization. Lower curve, p polar-
ization. Substrate at 25° to incident beam.

u/3Q, = 0.016 e u™'/2. The value of 0.370 calculated from the
LO-TO splitting of », is quite satisfactory.

We might expect to see a Fermi resonance doublet for the LO
mode. However, since du/3Q, is so small, the LO-TO splitting
for v, will be less than 1 cm™. Analysis of the Fermi resonance
predicts a very weak LO component for the combination (v, +
v,) at about 769 cm™!. Indeed we do see a weak LO polarized
component at about 770 cm™.

LO-TO Splitting for CHy and CD,. At temperatures below
22 K CH, and CD, have different structures’’—an fcc and
partially ordered phase for CH, and a tetragonal, orientationally
ordered phase for CD,. In Figure 8 we show the polarized spectra
for the », mode of CH,. Our TO spectrum is in essential
agreement with the early study of Savitsky and Hornig;*® however,
Maselli et al.>” report four strong peaks for phase II of CD,

(36) Cook, C. F.; Person, W. B.; Hall, L. C. Spectrochim. Acta 1967, 23A,
142
(37) Calvani, P.; Lupi, S.; Maselli, P. J. Chem. Phys. 1989, 91, 6737.
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Figure 9. The », mode of CD, at 10 K for a thin film about 0.3 um thick

deposited at 25 K. Upper curve, s polarization. Lower curve, p polar-
ization. Substrate at 25° to incident beam.

contrary to Savitsky and Hornig.?® We believe the structure for
phase IT of CH, is not yet understood; however, for our purpose
it is appropriate to use a weighted average of 1300.0 cm™ for 1o
and the observed value 1304.4 cm™! for v leading to a calculated
value of du/dQ, = 0.107 e u™'/2, From reported intensities'>!?
we calculate values ranging from 0.098 to 0.113 e u™'/2, bracketing
the value calculated from LO-TO splitting.

The absorption for the »; mode consists of a rather broad peak;
polarization shows only a high-frequency shoulder for the LO
mode. We estimate vro = 3008.7 cm™ and »; o = 3011.3 cm™
leading to a calculated value of du/dQ; = 0.126 ¢ u™'/2. From
intensities'>!7 we calculate values from 0.099 to 0.161 ¢ u™!/2,

For CD, we studied the polarized spectra for only the lowest
temperature phase, phase III, which does not exist for CH,. In
Figure 9 we show the spectrum for v, The complexity apparently
arises from the fact that there are 32 molecules per unit cell and
several distinct sites.’” Our TO spectrum (Figure 9) resembles
that of Maselli et al.3” We see two definite LO peaks but it is
not clear how to match them up with the TO peaks. We choose
the most intense LO and TO as one set (994.8 and 990.6 cm™!)
leading to a calculated du/8Q, = 0.091 ¢ u'/2, From the reported
intensity'” we calculate du/dQ, = 0.083 e u™'/2, For »; we observe
an LO peak at 2252.5 cm™ and a TO peak at 2250.8 cm™ leading
to a calculated value du/0Q; = 0.089 € u™'/2 to be compared with
0.099 e u™'2 as calculated from intensities.!”

LO-TO Splitting for CO, CO,, and N,0. We also report results
on the nonisotropic linear molecules CO, CO,, and N,0 which
form crystals of cubic space groups but for which the molecules
reside on sites of Cy; or C; symmetry.

Zumofen® has discussed LO-TO splitting for solid CO based
on spectra reported by Dubost.’ He has calculated the expected
splitting from intensity data including a correction factor for
short-range interactions in the solid state. We have observed
polarized spectra of thin films of CO at 10 K and find frequencies
of v o = 2143.0 and »yy = 2138.5 cm™!, similar to those reported
by Dubost.> The crystal structure of CO at low temperature is
cubic (space group P, ;) with four molecules per unit cell and 2.23
X 102 molecules/cm®. The molecules lie on C, sites. From the
LO-TO splitting we calculate du/dQ = 0.140 e u™!/2 in rather
poor agreement with the value of 0.228 we calculate from the most
recent intensity measurement for the vapor, listed in ref 12.

We have not studied the spectrum of CO,; however, we wish
to note that Parker and Eggers’ have reported TO and LO modes
from the infrared spectrum of thin films of CO, observed at
nonnormal incidence. They find for »;, TO and LO modes at 2344

Jones and Swanson

TABLE I: Comparison of Dipole Moment Derivatives (in e u/2)
Calculated from LO-TO Splitting and from Measured Intensities

/80, du/0Q; (intensity)®
molecule mode (LO-TO)® gas phase solid
SF; 3 0.588 0.606 (30)**  0.60 (3)2

vy 0.157 0.160 (5)*  0.20 (1)®
SeF; v 0.349 0.34°
UF; vy 0.434 0.506 (5)%
SiF, v; 0.475 0.449 (23)#
vy 0.211 0.197 (10)*#
CF, v 0.596 0.608 (52)2!
V4 0.061 0.063 (6)
CccCl, v; 0.370 0.34 ()12 0.38 (3)%
CH, vy 0.126 0.13 (3)8
vy 0.107 0.106 (8)'3
CD, v, 0.089 0.099 ()7
v, 0.091 0.083 (1)
co v 0.140 0.228"3
Cco, vy 0.158 0.17¥ 0.17 (1)®
v 0.402 0.81% 0.55 (4)®
N,0 v 0.121 0.25% 0.20 (2)*
v 0.292 0.58% 0.48 (4)¥
15N,"%0 v 0.118
v 0.276

“We estimate the uncertainty in du/dQ, calculated from eq 4 to be
less than 10% based on the uncertainty in . and experimental error.
The sign of du/3Q; is undetermined. °After most values of du/8Q,
uncertainties are given in parentheses as units (%) of the last digit re-
ported. These are based where possible on the uncertainty reported in
the reference. For CCl, gas and CH, they are based on the variation
in range of values given. Numerical superscripts give references for
intensity data from which du/dQ; is derived. ¢Derived from our results
for matrices and for thin films of pure SeF;, see text.

and 2383 cm™ and for »,, a TO doublet at 654.5 and 659.0 cm™
and an LO mode at 678.3 cm™. Yamada and Person® measured
intensities for CO, in the vapor and solid phases. Their results
give 8u/8Q; = 0.807 e u~'/2 for the vapor and 0.553 e u™"/2 for
the solid and du/8Q, = 0.167 ¢ u™'/2 for the vapor and 0.173 ¢
u™!/2 for the solid. From these values, using the relation of our
eq 1, Parker and Eggers’ were able to fit the observed LO-TO
splitting for v, quite well using a weighted average of 657 cm™!
for the TO mode. However, the calculated splitting was much
larger than observed for »,

The crystal structure of CO, is cubic (space group Pa3) and
the molecules are centered on sites of C;, symmetry. From the
observed LO-TO splitting, using a weighted average of 657 cm™!
for the TO mode of »,, we calculate du/8Q; = 0.402 ¢ u™!/2 and
du/0@, = 0.158 e u™'/2, From these calculations and those of
Parker and Eggers’ it is apparent that , fits the treatment but
vy does not.

We have also observed spectra for thin films of “N,'0 and
of '>N,'30 to evaluate the LO-TO splittings. The crystal structure
is similar to that of CO, with a slightly larger unit cell. For »,
LO, TO doublets are observed at 2258.1, 2237.2 for the 14, 16
isotope and 2180.4, 2160.4 for the 15, 18 isotope. For », the LO,
TO doublets are 1299.2, 1293.0 for the 14, 16 isotopic species and
1239.2, 1233.0 for the 15, 18 isotopic species. From these values
we calculate dp/3Q; = 0.292 and 0.276 e u™'/2 and du/3Q, =
0.121 and 0.118 e u™V/2 for the 14, 16 and 15, 18 isotopic species,
res;aectively. Yamada and Person® reported 0.475 and 0.204 ¢
u™'/2 for du/AQ; and Au/dQ,, respectively, for “N,'%0 in the solid
state. Here again, for both of these stretching vibrations the
LO-TO splitting is much less than predicted by eq 1. The decrease
in dipole moment derivative for the 15, 18 isotopic species from
that of the 14, 16 isotopic species is probably quite accurate as
it depends primarily on accurately determined frequencies. Thus
the possible error of 0.1 cm™ in frequency difference measurement
leads to a change of less than 0.002 e u™'/2 for calculated values
of 3u/8Q; and du/3Q,. This accuracy is much greater than one
can hope to obtain from intensity measurements.

(38) Savitsky, G. B.; Hornig, D. F. J. Chem. Phys. 1962, 36, 2634.

(39) Yamada, H.; Person, W. B. J. Chem. Phys. 1964, 41, 2478.
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We note that, for CO, CO,, and N,O, though the crystals are
cubic, the free molecules are not isotropic so the polarization forces
from stretching modes are not aligned with transition moments
for the same mode of neighboring molecules. This is not true for
the doubly degenerate bending modes. These observations may
explain the agreement of LO-TO splitting and intensity for v,
of CO, but lack of agreement for the stretching modes of these
linear molecules, for which the intensity yields values of du/dQ;
50-60% greater than calculated from the LO-TO splitting.

The results of the above comparisons of values of du/dQ;
calculated from LO-TO splittings using eq 3 with those calculated
from intensities (eq 8 or 9) are listed in Table I.

Summary

We have observed LO-TO splittings for a number of molecular
solids using polarized infrared spectra of thin films deposited from
the vapor phase. From the theory for molecules on sites of T,
or higher symmetry in cubic lattices we have calculated dipole
moment derivatives for the observed molecular vibrations and
compared them with values calculated from integrated intensities
reported in the literature. Even though for most of the molecules

treated the site symmetry is lower than T, and for most the crystal
symmetry is not cubic, the agreement is quite good for dipole
moment derivatives calculated by the two methods for molecules
which are spherical tops in the isolated state, especially considering
that most of the intensities were measured in the gas phase. For
the few solid-state intensities we have found in the literature the
only significant difference is for », of SFy for which the gas-phase
intensity agrees better with the LO-TO splitting.

For stretching modes of the linear molecules CO, CO,, and N,O
the LO-TO splitting is 20—-30% less than predicted from intensities.
Thus, without further study, it appears that for nondegenerate
modes the LO-TO splitting will yield low values for the dipole
moment derivative and intensities.

The technique should be useful for calculating dipole moment
derivatives, and thus also intensities, for mid-infrared-active vi-
brations of molecular and ionic solids for which it is possible to
form films thinner than 1 um or so. For longer wavelength modes
one could use somewhat thicker films.

Registry No. SFy, 2551-62-4; SeF,, 7783-79-1; UF,, 7783-81-5; SiF,,
7783-61-1; CF,, 75-73-0; CCl,, 56-23-5; CH,, 74-82-8; CD,, 558-20-3;
CO, 630-08-0; CO,, 124-38-9; N,0, 10024-97-2; N, 20, 20259-33-0.
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Vibrational modes in the N-H stretching region have been assigned to each submolecule in (NH;), on the basis of comparison
of infrared and Raman spectra and the spectra of (NH;)(N(CH,);) dimers. The submolecules are clearly different with
one perturbed more strongly than the other and one exhibiting stronger Fermi resonance interaction between its internal
vy and 2p, modes. The small vibrational perturbations show that the interaction is weaker than that normally associated

Dimer
Jean-Pierre Perchard,*
75252 Paris Cedex 05, France
Robert B. Bohn, and Lester Andrews*
with classical hydrogen bonding.
Introduction

Ammonia dimer has become a maverick for hydrogen-bonded
complexes. Although the more strongly bound dimers (HF), and
(H,0), exhibit nearly linear hydrogen bonds,!? (NH3), involves
a cyclic intermolecular association with inequivalent ammonia
submolecules.>* Extensive theoretical studies of ammonia dimer
have been performed,> and cyclic structures are energetically

competitive with linear hydrogen-bonded molecules.®?. Recent
electrically based molecular mechanics for clusters calculations
also reveal a dimer structure with inequivalent NH; subunits.!?
Infrared spectra of ammonia dimers have been studied in solid
matrices (hereafter referred to as I)!! and in the gas phase.!213
Several very recent observations, the infrared photodissociation!4-16
and CARS spectra of gaseous ammonia clusters,!” vibrational
analysis and Fermi resonance assignment of ammonia monomer
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