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to the kinetic isotope effect for the intracomplex proton-transfer
reaction.
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The UV Raman excitation profiles of acetone, acetamide, and N-methylacetamide have been measured between 217 and
560 nm. No enhancement is observed from the weak n — #* transitions of these compounds. The preresonance enhancement
of acetone vibrations appears to derive from transitions in the far-UV. The carbonyl stretch shows more preresonance
enhancement than the C~C stretching vibrations. The preresonance enhancement of acetamide and N-methylacetamide
vibrations derives primarily from the = — «* transitions located at 182 and 188 nm, respectively. Those amide vibrations
which have large contributions of C~C stretching or methyl group deformation show more preresonance enhancement from
UV transitions at energies higher than the = — =* transition. It may be possible to selectively enhance protein amide vibrational
modes with UV excitation within the ca. 180-nm 7 —> #* transitions.

Introduction

The increased use of Raman and resonance Raman spectroscopy
for molecular structural studies,! especially biophysical studies,’™
is primarily due to an increased awareness of the molecular in-
formation available from compiex systems from Raman spectral
measurements. Resonance Raman spectroscopy is of major utility
in biophysical studies because of its selectivity and its high sen-
sitivity. This selectivity has been of decisive advantage in studies
of biomolecules such as visual pigments® and heme proteins.5~®
Resonance Raman spectroscopy has also recently found utility
in the examination of electronic excited states;>!! the vibrational
modes which are resonance enhanced depend upon the electron
density changes and geometric alterations between the ground
and excited states involved in the resonant transition.!> Thus,
the enhancement pattern can be used to assign the absorption
bands, and also can be used to examine geometric changes between
the ground and excited states,!?!3

Recently our laboratory began studies of resonance Raman
enhancement in the UV spectral region (220-400 nm).'6 We
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examined preresonance enhancement and measured the Raman
cross sections!” of simple molecules such as CH,CN, ClO,~, NO;",
and SO,%; these species are useful internal intensity standards.
We also examined resonance enhancement in benzene,'® polycyclic
aromatic hydrocarbons such as naphthalene and pyrene,!*?!
aromatic amino acids,?? and proteins.?? Recently, other workers
have used excitation further in the UV, below 220 nm, to study
substituted benzenes,>?* ethylene,?* ammonia,? aromatic amino
acids,” and, more recently, N-methylacetamide.?®

In this report we examine the UV preresonance enhancement
of the vibrations of acetone, acetamide, and N-methylacetamide
to determine which excited electronic states are responsible for
the preresonance Raman intensities. We find that the prereso-
nance enhancements of the amide vibrations derive almost entirely
from the lowest energy = — =* transitions at ca. 180 nm. Direct
excitation into these absorption bands in protein and peptide
samples may result in a strong, selective enhancement of those
amide vibrational modes which have already been shown by
normal Raman spectroscopy?™ to report directly on protein sec-
ondary structure.

Experimental Section

The tunable UV Raman spectrometer used in these studies has
been described in detail elsewhere.!® The acetone solutions were
recirculated through a jet nozzle having a rectangular orifice of
0.2 X 3 mm. To avoid acetone evaporation, a 4.5-cm-long Suprasil
tube (i.d. 2.5 cm) enclosed the jet nozzle. A heating coil, wrapped
around the outside of the Suprasil tube, prevented acetone con-
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Figure 1. UV absorption spectrum of acetone in CH;CN.

densation on the inner wall. Equilibrium between the liquid and
gas phases of acetone was established after 4 min of recirculation;
a 15% loss in acetone concentration was typically observed for
the liquid solution. Absorption spectral measurements indicated
that after equilibrium was established the concentration of acetone
remained essentially constant during the time interval of the
spectral measurement. Fresh samples of acetone, acetamide, and
N-methylacetamide were used for each spectrum measured for
the excitation profiles. The amide solutions were recirculated
through the laser beam through a Suprasil quartz capillary by
a peristaltic pump.

The laser beam was focused above the sample solutions to avoid
nonlinear effects. Absorption spectra of all solutions were obtained
before and after each spectral measurement to check for con-
centration changes or sample photochemical decomposition. The
monochromator throughput efficiency was calibrated in the visible
region with a standard intensity incandescent lamp and in the UV
region with a standard intensity deuterium lamp. The output of
the standard intensity lamp was scattered from a Lambert surface
prepared with Eastman Kodak white reflectance standard and
imaged into the monochromator with the Raman collection optics.
Acetone and acetonitrile were obtained from the J. T. Baker Co.
and Burdick and Jackson, respectively. Acetamide and N-
methylacetamide were obtained from the Aldrich Chemical Co.

The relative intensity values used in the excitation profiles were
determined from peak height measurements of the Raman bands.
The analyte Raman intensities were referenced to an internal
intensity standard; the 918-cm™ peak (C-C stretching vibration)
of the acetonitrile solvent was used as the internal intensity
standard for the acetone studies, while the 932-cm™ (symmetric
stretch) of perchlorate was used for the acetamide studies. We
recently determined the dispersion of the absolute Raman cross
sections of these intensity standards!” from 217 to 640 nm and
have corrected the excitation profile data for the wavelength
dependence of the internal standard Raman cross sections. We
estimate that the Raman frequencies quoted are accurate to 5
cm™,

Results

The absorption spectrum of acetone in the near-UV spectral
region and an energy level diagram which depicts the electronic
transitions of acetone are shown in Figure 1. The only feature
observed in the UV-visible absorption spectrum between 200 and
600 nm is the broad forbidden n — =* absorption band at 275
nm. The molar absorptivity of this band is low (~15 L/(molcm)).
Raman spectra obtained by exciting through the n — =* region
are displayed in Figure 2. The dominant features in the spectra
are due to acetonitrile. The peaks labeled with an S at 380, 918,
and 1376 cm™ derive from acetonitrile.”” The three most intense
vibrational modes of acetone’® are the symmetric C-C stretch at
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Figure 2. Raman spectra of a 1.3 M solution of acetone in acetonitrile
excited at 514.5, 320, 285, 265, and 220 nm. The acetonitrile peaks are
labeled with an S. The 514.5-nm spectrum was accumulated over 2 min
with a laser power of 0.7 W. Spectral resolution is ca. 5 cm™. The 320-
and 220-nm spectra were obtained with laser pulse energies of 2.0 and
0.8 mJ, respectively. The spectra were accumulated in 10 min at a2 20-Hz
laser pulse repetition rate. The spectral resolution is ca. 28 cm™. The
285- and 265-nm spectra were obtained in a 15-min accumulation with
a 1.0-mlJ laser pulse energy. The spectral resolution for the spectra
excited at 285 and 265 nm is ca. 18 cm™..

787 cm™, the asymmetric C—C stretch at 1221 cm™, and the C=0
stretch at 1710 cm™. The top spectrum in Figure 2 was obtained
with preresonance excitation at 514.5 nm, the middle three spectra
were obtained with excitation in resonance with the n — =*
absorption band, and the bottom spectrum was obtained with
220-nm excitation at an energy above the n — =* transition.

The spectra in Figure 2 show no indication of resonance en-
hancement from the forbidden n — #* transition of acetone since
none of the acetone bands display any dramatic increase or de-
crease in intensity compared to the acetonitrile peaks. This is
expected since the Raman cross section is proportional to the
magnitude (to some power >1) of the oscillator strength of the
resonant transition; the low molar absorptivity value (~15 L/
(mol-cm)) of the n — =* band of acetone should result in little
or no resonance enhancement from this transition.
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TABLE I: Total Differential Raman Cross Sections

OR X 10-30
cm?/(mol-sr) o220/
514.4 nm 220 nm 0514,5
Acetone?
1710 em™, C=0 0.6 370 620
1221 em™, C-C 03 60 200
787 em™, C-C 2.4 130 54

og X 1073 em?/(mol-sr)
560 nm 365 nm 220 nm o330/ %560

Acetamide?
1616 cm™!, (amide II) 34 700
1404 cm™, (amide III) 03 39 1000 3500
1131 cm™ 1.3¢ 13¢ 320¢ 250
1005 cm™ 0.1 0.4 100 1000
871 ecm™! 1.6 13 470 300
N-Methylacetamide?
1581 cm™, (amide II) 22 2600
1316 cm™, (amide I1I) 0.5 8.2 3900 7800
1162 ecm™! 0.4 3.1 280 700
881 cm™! 1.6 13 1100 680
628 ¢cm™!, (amide 1V) 380

9The cross sections were determined by using peak height measure-
ments and referencing the intensities to the cross section of the 918-
cm™ CH,CN vibration.!” ¢The cross sections were determined by us-
ing peak height measurements and referencing the intensities to the
cross section of the 932-cm™ ClO,” vibration.!” °The cross sections
were determined by using peak area measurements and referencing the
intensities to the cross section {peak area) of the 932-cm™ Cl10,” vi-
bration.!’
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Figure 3. Absorption spectra of aqueous solutions of acetamide and
N-methylacetamide in the UV.

As the excitation wavelength decreases from 514.5 to 220 nm
the intensity of all three acetone bands increase compared to the
918-cm™! peak of acetonitrile. From our earlier Raman cross
section studies'” we know that the 918-cm™! peak cross section
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Figure 4. Raman spectra of aqueous solutions of N-methylacetamide.
The N-methylacetamide concentration was 1.0 M for the 5] ‘ctra excited
at 560 and 365 nm, and 0.4 M for the spectra excited at 250, 240, 220
nm. The internal standard, perchlorate, is 0.2 M in all solutions. The
560- and 365-nm spectra were accumulated with a 6.0-mJ laser pulse
energy in 30 min at 20 Hz. The 250-, 240-, and 220-nm spectra were
obtained with laser pulse energies of ca. 0.5 mJ in 15-" -cans. The
spectral resolution in the 560-, 365-, 250-, 240-, and 220 ‘pectra are
ca. 5, 11, 6, 6, and 7 cm™!, respectively.

shows essentially no preresonance enhancement and increases
approximately as »*. The total differential Raman cross sections
of the three vibrations of acetone excited at 220 and 514.5 nm
are listed in Table I. The fact that the intensities of the bands
of acetone increase at different rates in the preresonance region
indicates that differences exist in the contribution of excited states
to the preresonance enhancement of the different vibrations.
The UV absorption spectra®' - of acetamide and N-methyl-
acetamide (Figure 3) show forbidden n — #* transitions at ca.
210 nm which have maximum molar absorptivities of ca. ~60
L/(mol-cm). Figures 4 and 5 display the Raman spectra of

(31) Robin, M. B. “Higher Excited States of Polyatomic Molecules”;
Academic Press: New York, 1975; Vol. I1.
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1201.
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Figure 5. Raman spectra of a 1.0 M solution of acetamide in water
excited at 560 and 365 nm, and a 0.4 M solution excited at 250, 240, and
220 nm. The perchlorate is 0.2 M in all solutions. The experimental
parameters are the same as for N-methylacetamide (Figure 4).

aqueous solutions of N-methylacetamide and acetamide obtained
with excitation at 560, 365, 250, 240, and 220 nm. The in-plane
vibrations known as the amide I to IV bands are labeled with
“AM?” in the figures. The amide I bands located at 1639 cm™
in N-methylacetamide?®¢* and at 1662 cm™! in acetamide®®*!
originate primarily from C=0 stretching and are most evident
with 560-nm excitation. For N-methylacetamide the amide 1I
band occurs at 1581 cm™ and results from a combination of NH
bending and C-N stretching, whereas for acetamide an amide
II-like band occurs at 1616 cm™ and is associated with NH,
bending and contains a small contribution from C==0 stretching.
The N-methylacetamide amide III band is located at 1316 cm™!
and derives from C-N stretching, NH in-plane bending, NCO
bending, and C-C stretching. The amide ITI-like band of acet-
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Spectrosc. 1975, 4, 91.
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amide, located at 1404 cm™, contains a large contribution from
C-N stretching, as well as minor contributions from C-C
stretching, NH, rocking, and symmetric deformations of the NCO
group and CH; groups. The amide IV band occurs at 628 cm™!
in N-methylacetamide and originates from a combination of C-C
stretching and NCO bending.

The observed vibrations of N-methylacetamide?®36-3 also in-
clude a C-C stretching and NCO bending vibration at 881 cm™,
a N-CH, rocking vibration at 1162 ¢m™, a symmetric bend of
the C—CH, group at 1382 cm™, and a symmetric bend of the
N-CH,; group at 1418 cm™. The 1496-cm™* band arises from
asymmetric bends of both CH; groups. The peak located at 932
cm™ is from the internal standard, perchlorate. The broad
H-O-H bending vibration of water, the solvent, contributes to
the Raman intensity around 1600 cm™.

Other Raman active vibrations of acetamide*** include a band
at 871 cm™! which has a large contribution from C-C stretching
and a minor contribution from C-N stretching. The 1005-cm™
vibration results from CHj rocking and asymmetric deformation.
The band at 1131 ¢m™! derives from NH, rocking motion and
C==0 stretching, and the bands at 1360 and 1457 cm™ result from
symmetric and asymmetric deformations of the CH; group.

The spectra in Figures 4 and 5 show that as the excitation
wavelength decreases from 560 to 220 nm all the Raman peaks
increase in intensity relative to perchlorate. The vibrations of
N-methylacetamide show a larger intensity increase than those
of acetamide. This suggests that the energy of the preresonant
state giving rise to the Raman enhancement in N-methylacetamide
is lower than that in acetamide. The total differential Raman
cross sections of the vibrations of acetamide and N-methylacet-
amide excited at 560, 363, and 220 nm are displayed in Table
I. For both compounds the amide I, II, and IIT bands display the
largest intensity increase. Indeed, the amide IT bands of acetamide
and N-methylacetamide are very weak and barely observable with
visible excitation. Harada et al.’® previously observed selective
preresonance enhancement for this band with excitation at 257.3
nm in N-methylacetamide, N-ethylacetamide, and N-methyl-
propionamide. Mayne et al.”® recently demonstrated much larger
enhancements of amide bands in N-methylacetamide with exci-
tation below 218 nm.

Discussion

The total Raman scattering cross section, o, for a vibrational
transition n <— m integrated over 4 sr for an isolated molecule
averaged over all orientations is!7424

I 7.5
o= = = Lo~ e (Dl GOF ()
0 3 oo

I, is the Raman intensity integrated over 4x sr over the band-
width of the vibrational transition n «<— m. I, is the intensity of
the incident laser beam. v, and v, are the energies (cm™) of the
excitation beam and vibrational transition, respectively. The factor
vo(Ve — ¥mn)® is used instead of the commonly seen (v, — vp,,)* factor
because I, is in units of photons/(s-=cm?). g is a factor specifying
the degeneracy of the initial state, m, and f{7) is the Boltzmann
weighting factor describing the thermal occupancy of the initial
state. a,,(»,) is the p,ath component (p,s = x,y,z) of the Raman
polarizability tensor for excitation at v,.

The differential Raman scattering cross section, gy, for 90°
collection of both the parallel and perpendicular polarized scat-
tering from a molecule in a solution where the incident beam is
polarized perpendicular to the scattering plane is!”#24
— damn(”o) - 241I'4

q0 = a5 vl T v ADPLASE + 7y (D)

b is the zero point vibrational amplitude which is equal to (h/
8mct,) /2. o is the isotropic and 42 is the anisotropic invariant
of the polarizability tensor. L is the local field correction which

(43

(42) Schrotter, H. W.; Klockner, H. W. In “Topics in Current Physics”;
Weber, A., Ed.; Springer-Verlag: West Berlin, 1979; p 123.

(43) Eckhardt, G.; Wagner, W. G. J. Mol. Spectrosc. 1966, 19, 407.

(44) Abe, N.; Wakayama, M.; Ito, M. J. Raman Spectrosc. 1977, 6, 38.
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TABLE II: Comparison between the Excited-State Energies Determined by Nonlinear Least Squares Fits to the A Term (K, = 0) and Modified

A-term Expressions for Acetone, Acetamide, and N-Methylacetamide

A term? modified A term®
K, X 10'6, cm™! K, X 10%, ¢cm™ K, x % change in residual
mode, cm™! v, X 10%, cm™! molecule™ st~ ve X 10%, em™ molecule™ sr! 107, cm sum of squares®
Acetone
1710 (C=0) 79.7 (2.7)¢ (126 % 9)° 236 57.0 (3.2) (176 % 22) 1.10 3.12 32
1221 (C=C) 111.0 (11.2) (90 = 20) 524 68.2 (28.9) (~150) 1.68 1.41 0
787 (C-C) 153.0 (22.6) (65 % 25) 8970 54.2 (8.2) (184 + 80) 0275 26.6 18
Acetamide
1616 (amide II) 59.0 (1.4) (170 £ 10) 49.2 58.7 (4.9) (170 £ 35) 442 0.042 2
1404 (amide IIT)  55.8 (0.8) (179 = 6) 244 55.8 (2.3) (179 £ 18) 24.0 8 x 107 0
1131 59.5 (1.2) (168 % 8) 27.3 57.3 (2.7) (174 £ 20) 11.3 0.418 9
1005 53.5(0.3) (187 £ 3) 1.2 53.0 (0.8) (189 £ 6) 0.845 0.412 6
871 68.7 (0.6) (146 + 3) 269 57.5 (1.8) (174 £ 12) 9.60 1.65 42
N-Methylacetamide
1581 (amide II) 53.5 (1.3) (187 £ 10) 20.9 53.3 (3.9) (188 £ 35) 19.2 5% 107 0
1316 (amide III)  54.6 (1.4) (183 £ 11) 53.0 54.4 (4.2) (184 £ 35) 48.7 5% 108 0
1162 56.8 (1.7) (176 £ 12) 8.7 51.2 (1.2) (195 £ 10) 0.340 5.38 69
881 59.0 (2.6) (170 = 18) 77.5 56.9 (5.9) (176 £ 50) 326 0.453 2
628 (amide IV)  58.3 (2.3) (172 £ 16) 22,0 52.4 (2.5) (191 % 22) 0.894 4.81 38

4Equation S with X, = 0. ®Equation 5. °% decrease in the residual sum of squares from the A-term fit to the modified A-term fit. Standard
error of the coefficient is indicated in parentheses. ®Approximate 95% confidence limits are indicated for the wavelength of the excited state in

nanometers.

accounts for the increased electric field amplitude in the con-
densed-phase sample over that which would occur in the gas phase
and is

L = (n,/n)(n? + 2)*(ns? + 2)*/81

where n, and n, are the sample refractive indices at (v, - »,;,) and
v,, TESpectively.

The Raman scattering cross section is obtained by measuring
the ratio of the analyte scattered Raman intensity (/) to the
internal standard Raman intensity (Ig) and multiplying this ratio
by the known Raman scattering cross section of the internal
standard,!” og(v,):

oalvo) _ Iy E(v,—vs) Gs _ (vo = va) (4507 + Ty,
os(v) Is E(vo—va) Cao (v, - vg)® (4502 + Ty?)s

E(v, — vg) and E(y, - v,) are the spectrometer throughput effi-
ciencies for the collected Raman scattered light of the internal
standard and analyte, respectively. The factor Cg/C, corrects
for the concentration difference between the internal standard and
analyte. Defining the parameter S = (45a + 7v?), which we
call the relative scattering power, we relate the observed relative
Raman intensities to relative scattering powers; S monitors the
excitation frequency dependence of the modulus squared of the
Raman polarizability tensor elements.

_ ﬁ E("o - VS) _CE (Vo - "S)3
Is E(vo—va) Ca (v, - vy)° s

Ss is the scattering power of the internal standard, which we
determined previously!” in our cross section measurements of
CH;CN and CIO,~. Thus, the preresonance excitation profiles
detail the excitation frequency dependence of the Raman polar-
izability tensor elements.

The excitation profile data obtained by using eq 4 for various
modes of acetone, acetamide, and N-methylacetamide are shown
in Figures 6-8. The abscissa is the relative scattering power
(arbitrary scales). The solid lines in Figures 6A-8A result from
nonlinear least-squares fits of the data to an Albrecht A-term
expression.*> The A-term model assumes that only a single,
dipole-allowed electronic transition contributes to the preresonance
Raman enhancement: -

Vez + 1/02 2

3

4)

A

(ch - Voz)

(45) Albrecht, A. C.; Hutley, M. C. J. Chem. Phys. 1971, 55, 4438.

where K, = 0 is an A-term fit and K, # 0 is a modified A-term
fit. K, is a constant independent of excitation energy and depends
upon the oscillator strength of the transition and the coupling
between the vibration and the electronic transition. », is the
excitation energy (cm™), and v, is the energy (cm™) of the resonant
excited state. The solid lines in Figures 6B-8B derive from
nonlinear least-squares fits of the data to a modified A term given
by eq 5 when K, # 0. We have recently shown'”!® in studies of
benzene, CH,CN;, SO,>, Cl0,~, and NO;~ that this modification
of the standard A-term results in more physically reasonable
transition energies and may help pick out the contribution of
discrete low-lying preresonant excited states. The K, parameter
in the modified A-term models the contribution of all important
far-UV states as if they were at infinite energy. Phenomeno-
logically, separating out the contribution of the higher energy
transitions results in a decrease in the calculated energy (v,) of
the preresonant excited state. When the K, term is important
a noticeable improvement (vide infra) in the fit is seen when
compared to the standard A term (X, = 0), particularly for the
low-energy excitation profile data where the K, term may dom-
inate. The parameters obtained for the standard and modified
A-term nonlinear least-squares fits are shown in Table II. The
nonlinear curve-fitting procedure used to determine the parameters
is based on the “maximum neighborhood” method.*62¢ The
criterion for convergence in the fit is when the residual sum of
squares changes by less than 1 X 107 between successive iterations.
Similar results were obtained with a program based on the
“gradient expansion” method,*® but convergence was slower.

The A-term fits shown in Figure 6A demonstrate that no
resonance enhancement derives from the ca. 36 000-cm™ n — 7*
band of acetone. The C—C stretches at 787 and 1221 cm™' show
a slight preresonance enhancement at higher excitation energies.
In contrast, the C=0 stretch shows a greater preresonance en-
hancement. This indicates that the C==0 stretch derives more
preresonance enhancement from electronic transitions occurring
lower in energy than in electronic transitions responsible for the
slight preresonance enhancements of the C-C stretches.

The A-term fit indicates a preresonant state for the C=0
stretch at 80000 cm™ (125 nm). In contrast, the 787- and
1221-cm™ C-C symmetric and asymmetric stretches show

(46) (a) Daniel, C.; Wood, F. S. “Fitting Equations to Data”; Wiley-In-
terscience: New York, 1971. (b) Bevington, P. R. “Data Reduction and Error
Analysis for the Physical Sciences”; McGraw-Hill: New York, 1969. (c)
Program NONLINWOOD available from the Share Program Library Agency,
Triangle Universities Computation Center, Box 12076, Research Triangle
Park, NC 27709; Program No. 360D-13.6007.
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Figure 6. Raman excitation profiles of acetone. The ordinate is the
scattering strength (arbitrary units). The lines connecting the data derive
from an Albrecht A-term nonlinear least-squares best fit toeq 5, K20
(A) and eq 5, K # 0 (B). See text for details. The ordinate for each
profile is independently and arbitrarily scaled.

preresonant states at ca. 153000 cm™ (65 nm) and 111000 cm™
(90 nm). These preresonant state energies are higher than the
likely energy of the carbonyl # — =#* transition.”® Strong di-
pole-allowed transitions occur at energies less than 80000 cm™
for the carbonyl functional group of ketones in the gas phase.!
Most of these transitions are thought to be Rydberg in character,
and no assignment for the # — «* transition is available, to our
knowledge. In contrast, condensed-phase UV absorption spectra
of acetone’! in n-hexane display only a broad absorption at 54 000
cm™ (185 nm) which has a maximum molar absorptivity of ca.
103 L/(mol-cm).* This absorption feature has been assigned as
an n — ¢* transition. It is unclear to us how one describes
electronic transitions in condensed-phase acetone samples in the
vacuum-UYV spectral region where any electronic transition is likely
to be a concerted transition which simultaneously involves both
acetone and solvent molecules.

Using the modified A-term, the calculated energy of the re-
sonant state for the C=0 stretch decreases to 57000 cm™ (176
nm). The resonant state transition energies of the 787-cm™ C-C
symmetric stretch and the 1221-cm™' C-C asymmetric stretch
decrease to 68000 cm™ (150 nm) and 54 000 cm™ (185 nm),
respectively.

The modified A-term fits to the 1710- and 787-cm™' data show
an improvement in the residual sum of squares over the standard
A-term fits and indicate a contribution from an excited state at
about 180 nm. As seen from a comparison of parts A and B of
Figure 6, the modified A-term does a better job of accounting
for the scattering power at the lower and higher excitation energies.
The modified A-term fit to the 1221-cm™! data does not reduce
the residuals. In fact the 1221-cm™ data show so little curvature
relative to the scatter of the data that the fit does not converge
to single values for the parameters and the values of the parameters
depend upon the initial guess. The modified A-term fits do suggest
a contribution from an excited state at ~ 180 nm (possibly the
n — ¢*), but the Raman intensity of the three acetone vibrational
modes studied is clearly dominated by far-UV states over the range
of excitation energies used in this work. The contribution of the
185-nm state to the scattering power at 217 nm (the shortest
wavelength used in this work) is about 5% for the 787-cm™ mode
and about 33% for the 1710-cm™ mode. A confirmation of the
importance of the state at 185 nm to the Raman intensity and
a verification of its assignment will require that the excitation
profile data be extended into the vacuum UV.

These results indicate that the broad featureless transition
centered at 54000 cm™! in this condensed-phase sample contributes

Dudik et al.

little to the preresonance Raman intensities. The carbonyl = —
«* transition is expected to strongly contribute to the C=0
Raman intensity. It is likely that the lower transition energy found
in the A-term fits to the C=O0 stretching data signals a preferential
contribution of the w—=* transition. Unfortunately, no assign-
ment of this transition is available, even for acetone in the gas
phase.

The excitation profiles of the 1616- and 1404-cm™ acetamide
amide II and III vibrations, as well as the 871-, 1005-, and
1131-cm™ vibrations, are shown in Figure 7. Figure 8 shows the
excitation profiles of the N-methylacetamide 1581-, 1316-, and
628-cm™! amide II, III, and IV vibrations and the 881- and
1162-cm™ vibrations. The normal A-term fits (eq 5) with K, =
0 are shown as solid curves in Figures 7A and 8A while Figures
7B and 8B show the modified A-term fits. The excitation profiles
of the acetamide amide I, the acetamide 1360- and 1457-cm™!
bands, and the N-methylacetamide amide I, the N-methylacet-
amide 1382-, 1418-, and 1496-cm™ bands, are not displayed
because it is difficult to reliably determine their Raman intensities
due to overlapping bands. These bands, however, are also rapidly
increasing in intensity as the excitation energy increases.

Except for the 871- and 628-cm™' bands of acetamide and
N-methylacetamide, and the 1162-cm™! band of N-methylacet-
amide, the normal A-term fits (eq 5) model the preresonance
enhancements well. The use of the modified A term (which has
one extra adjustable parameter) results in only a minor decrease
in the residual sums of squares for all but the 871-cm™! peak of
acetamide and the 1162- and 628-cm™ peaks of N-methylacet-
amide. Indeed, the X, values found (Table II) are small except
for the 871-, 1162-, and 628-cm™! peaks; the first term in eq 5
(the normal A-term amplitude) would have values of 0.6 X 107
and 5 X 107 cm? for 20000- and 40 000-cm™! excitation if v, =
50000 cm™. This signifies that one resonant A-term active excited
state gives rise to essentially all of the observed Raman intensity
of the amide II and III vibrations of acetamide and N-methyl-
acetamide. In contrast, a significant improvement in the fit as
judged by a reduction of the residual sum of squares occurs for
the 871-cm™ peak of acetamide and the 1162-cm™' peak and
628-cm™! amide IV vibration of N-methylacetamide. The larger
values found for K clearly indicate the importance of additional
states in the far-UV to the Raman intensities (especially for
excitation in the visible and near UV spectral region).

The individual contributions of the terms in Figure 5 are more
clearly illustrated in Figure 9 where the fits to two of the acetamide
modes are shown in detail. Inclusion of the K, term produces a
large improvement in the 871-cm™ fit but only mildly effects the
fit for the 1131-cm™ mode. For the 871-cm™! mode the K, term
dominates until the excitation energy exceeds ~29000 cm™. The
K, term will always contribute the most at the lowest excitation
energies. The A term dominates as the excitation energy ap-
proaches the preresonant excited state. At intermediate excitation
energies the cross term 2K, [»,2 + v,2/(v,2 - #,2)?] provides the
largest contribution to the scattering power. Only a constructive
interference between the far-UV states and the lower energy state,
v, has been assumed. For the 1131-cm™ mode the X, term never
dominates the scattering power and the A term is predominate
for excitation energies above 34 200 cm™. As with the 871-cm™
mode, however, the K, term and cross term contribute to the
intensity for the lowest excitation frequencies. In general the data
indicate that a single preresonant excited state at ca. 55000 cm™!
is responsible for most of the Raman intensity for all of the modes
of acetamide and N-methylacetamide.

A similar behavior was observed for the symmetric stretch of
NO,~ where the isolated # — #* transition at ca. 190 nm was
found to be responsible for essentially all of the preresonance
enhancement.'” Some contribution from higher energy excited
states does seem indicated, however, for the acetamide 871-, 1131-,
and 1005-cm™ modes and the N-methylacetamide 1162-, 628-,
and 881-cm™' modes. These modes have more single-bond
stretching character than the amide II or III modes.

The A-term excited-state energies (Table II) calculated for
N-methylacetamide are generally 2000-5000 cm™! lower in energy
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Figure 7. Preresonance Raman excitation profiles of acetamide. The ordinate is the scattering strength (arbitrary units). See text for details. The

solid lines correspond to nonlinear least-squares best fits to eq 5, K = 0 (A) and eq 5, K 5 0 (B). The ordinate for each profile is independently and
arbitrarily scaled.

than those of acetamide. For example, the amide II transition
energy in acetamide which occurs at.ca. 59000 cm™ (170 nm)
shifts to 53000 cm™ (188 nm) in N-methylacetamide. A similar
but smaller shift occurs for the amide III vibration.

UV absorption spectra of condensed- and gas-phase acetamide
and N-methylacetamide samples show numerous transitions.3!-35
The lowest energy transition is the weak n — #* transition at ca.
48 000 cm™! (210 nm) which is shown in Figure 3. A Rydberg

T T T
47000 23000 s1000 89000 47000

WAVENUMBERS

n — 3s transition occurs at ca. 52000 (192 nm), while a strong
x — =* transition with ¢ ~ 10* L/(mol-cm) occurs between
51-60000 cm™ (167-196 nm); in H,O the « — =* transition of
acetamide occurs at 54900 cm™ (182 nm), but shifts 1600 cm™
to 53300 (188 nm) in N-methylacetamide.?* The A-term tran-
sition energies are very close to the measured energies of the amide
x —> =¥ transitions, and indeed, the decrease in the calculated
preresonant state energy of N-methylacetamide compared to
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Figure 8. Preresonance Raman excitation profiles of N-methylacetamide. The ordinate is the scattering strength (arbitrary units). See text for details.
The solid lines correspond to nonlinear least-squares best fits to eq 5, K =0 (A) and eq 5, K = 0 (B). The ordinate for each profile is independently

and arbitrarily scaled.

acetamide is consistent with the absorption spectral shifts.
The dominance of the amide = — =#* transition in the Raman
intensities is clearly evident from the close agreement between
the A-term transition energies calculated by using either the
standard or modified A-term transition expressions. Only the
871-cm™ band of acetamide and the amide IV and 1162-cm™
bands of N-methylacetamide show large differences between the
transition energies calculated by using the standard or modified

A terms. All of the vibrations studied, with the exception of the
unique ca. 880-cm™ bands and the N-methylacetanmiide amide IV
and 1162-cm™! bands, are dominated by NCO stretching and
deformations. 364! These nuclear motions are expected to
strongly couple to the » — #* transition. In contrast, the unique
bands contain significant contributions from C—C stretching and
CHj; rocking which should be less enhanced by the = — =*
transition and could be more enhanced by other transitions at
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Figure 9. Illustration of the contribution to the Raman scattering strength of the three terms in the square of eq 5: (A) for the acetamide 1131-cm™!

band and (B) for the acetamide 871-cm™! band.

higher energy such as ¢ — o* transitions. Similar phenomena
were observed for the C—C and C==N stretches of CH;CN.!” The
C-C stretch showed much less preresonance enhancement than
the C==N stretch; the A-term transition energy for the C=N
stretch was 116 000 cm™ (86 nm) while it was 39000 cm™! (26
nm) for the 918-cm™ C-C stretch.

Domination of the preresonance Raman intensities by a single
electronic transition has now been observed for acetamide, N-
methylacetamide, and NO;™. In contrast, no single transition
appears to dominate the UV preresonance enhancement of acetone,
SO, ClO,~, CH;CN, or the near-UV or visible wavelength
Raman intensities of benzene.!® For these species the A-term fits
are relatively poor, and the transition energies are unreasonably
high, which further indicates that no single state dominates the
preresonance enhancement. Indeed, in acetamide and N-
methylacetamide we see that particular vibrations (those with
major C~C stretching contributions) derive some enhancement

from higher energy states in addition to the = — =* transition.
The degree of enhancement of a vibration by an electronic
transition appears to be related to the relative contribution of
atomic displacements of the chromophoric group. These corre-
lations could be used to aid in vibrational assignments.

While the high transition energies found for the preresonant
excited states estimated by the A term must signal the contribution
of additional states, this contribution does not necessarily have
to be constructive. Different electronic states can contribute with
both positive and negative sign, and thus, destructive interference
can occur as observed previously in porphyrins*’ and benzene.!%%
A major impediment to the analysis of UV preresonance intensities
is the lack of information available on vacuum-UV molecular

(47) Friedman, J.; Hochstrasser, R. M. Chem. Phys. Lett. 1975, 32, 414.
(48) Korenowski, G. M.; Ziegler, L. D.; Albrecht, A. C. J. Chem. Phys.
1978, 68, 1248.
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excited states. Numerous Rydberg states exist in the vacuum UV.
The magnitude of the contribution of Rydberg excited states to
the Raman intensity is as yet unclear. However, the results of
our studies clearly illustrate that strong isolated transitions, such
as the m—7* transitions in acetamide and N-methylacetamide,
can lead to strong preresonance intensities. Indeed, these vacu-
um-UYV transitions can dominate the visible wavelength Raman
intensities, and should give rise to very strong resonance Raman
spectra when excited in the vacuum-UYV spectral region.

Conclusions

Preresonance Raman studies of acetone, acetamide, and N-
methylacetamide indicate that no observable enhancement derives
from the weak n—=* transitions of these species. The acetone
carbonyl stretching vibration shows more preresonance en-
hancement than the C—C stretching vibrations. The major source
of enhancement appears to derive from states in the far-UV. The
Raman intensities of acetamide and N-methylacetamide are
dominated by the ca. 180-nm m—>=* transitions. Essentially all
of the preresonance Raman intensities of vibrations containing
carbonyl stretches or motions of the nitrogen are due to the m—>=*

transitions. Vibrations containing C-C stretches show some
contribution from states further in the UV. It appears that an
assignment of the transitions contributing to preresonance en-
hancement can be used to examine the atomic motions important
in the molecular vibration. Because of the observed large m>7*
preresonance enhancements it appears that resonance excitation
directly into the amide =—=* transition may result in strong
selective enhancements of amide vibrations in peptide and protein
samples.
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On the Structure and Thermochemistry of the van der Waals Molecule C;Hg*HCI and Its

Photoion (CgH,*HCI)*
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The dissociation energy of the van der Waals complex CgHg:HCl was determined to be 4.79 £ 0.12 kcal mol™ by measurement
of the difference between the threshold for the dissociative photoionization of the complex and the ionization potential of
C¢H,. This value is compared to potential well depths obtained by analysis of centrifugal distortion constants for the same
complex. The photoionization efficiency function for the production of (CsHgHCI)* from CsHgHCl was obtained between
1280 and 1380 A. A weak threshold for direct ionization at 1357 = 7 A (9.14 £ 0.05 eV) leads to a dissociation energy
for (C¢HeHCD* of 7.3 # 1.2 keal mol™!. The shape of the photoionization efficiency function is interpreted in terms of
the involvement of the structure of the complex in the dissociation dynamics. Standard heats of formation are reported for
C¢H¢-HC! (-10.4 kcal mol™) and (CgHgHCI* (204 keal mol™).

Introduction

The geometry of the weak complex between benzene and hy-
drogen chloride is such that the HCl is, on the average, perpen-
dicular to the benzene ring and on the benzene Cg axis, with the
hydrogen atom closer to the ring than the chlorine atom.!
However, the same spectroscopic data that were used to obtain
the geometry give an ambiguous result for the depth of the po-
tential well binding the two constituents together. Alternative
analyses of the same data give well depths ¢ = 1950 cm™ !® and
e=720cm™.12

We report here the results of a photoionization study of this
complex in which the dissociation energy is measured directly by
a recently developed technique using dissociative photoionization.?
In addition, the photoionization efficiency (PIE) curve for the
production of (C;HgHCI)* has been obtained in the vicinity of
threshold. These results lead to determinations of the heats of
formation of the neutral and ionic complexes and to deductions

*Permanent Address: Department of Chemistry, University of New
Mexico, Albuquerque, NM 87131.

*Participant in the National Synchrotron Light Source/High Flux Beam
Reactor (NSLS/HFBR) Faculty—Student Support Program at Brookhaven
National Laboratory.

0022-3654/85/2089-3814301.50/0

about the likely involvement of their structures in the dissociation
dynamics.

Experimental Section

The experimental apparatus and technique have already been
described.>  Briefly, the apparatus is a photoionization mass
spectrometer equipped with a supersonic nozzle source. Ionizing
radiation comes from the vacuum-UV storage ring at the National
Synchrotron Light Source at Brookhaven National Laboratory.
A 0.2-cm-thick LiF window was placed between the monochro-
mator exit slit and the molecular beam in all of the work reported
here to eliminate second- and higher-order light from interfering
with the measurements at wavelengths longer than 1200 A.
C¢H¢HCI clusters were generated by nozzle expansion of gaseous
HCI saturated with benzene vapor at 23 °C, made by bubbling

(1) Read, W. G.; Campbell, E. J.; Henderson, G. J. Chem. Phys. 1983,
78, 3501. (b) Read, W. G.; Campbell, E. J.; Henderson, G.; Flygare, W. H.
J. Am. Chem. Soc. 1981, 103, 7670.

(2) Grover, J. R.; Walters, E. A.; Newman, J. K.; White, M. G. J. Am.
Chem. Soc., in press.

(3) White, M. G.; Grover, J. R. J. Chem. Phys. 1983, 79, 4124,
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