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In this paper, two-color REMPI (resonance enhanced multiphoton ionization) and ZEKE (zero kinetic energy
photoelectron) spectra of thens-acetanilideH,O complex are presented, extending our previous work on
thetrans-acetanilide monomer (Ullrich, S.; Muller-Dethlefs, K.Phys. Chem. 2002 106, 9181). Spectral

features are interpreted with the aid of ab initio CASSCF/cc-pVDZ calculations and compared to the monomer
and related molecular systems, suchtrassformanilideH,O (Ullrich, S.; et al.Phys. Chem. Chem. Phys.
2002 4, 2897). In addition, the nature of the excess charge distributitaris-acetanilide, and its modification

upon solvation are discussed. Complexation of acetanilide with water leads to drastic changes ianihe S

S, state barrier heights for methyl group internal rotation and possibly reorientation of the methyl group
compared to the monomer. Observations are interpreted by simulations of methyl rotor states—¥a V
potential.

1. Introduction summarized briefly her®. Acetanilide (Aldrich, 97% purity)
was heated to 14%C in a sample holder located directly behind
the valve. The Ne carrier gas was passed through a water
h reservoir cooled in an icewater bath and then expanded in a
supersonic jet together with the monomer vapor. The molecular

as a ligand attached to specific binding sites in the interior of beam interacts with two counter propagating, frequency-doubled

a protein. Numerous studies are available on the related neutraPUtPuts of an excimer-pumped two_-color dye laser system. The
and cationic formanilide and its singly hydrated compiek. pulses employed to extract REMPI ions or ZEKE electrons were

Hydrogen-bonded complexes dfansacetanilide, which in € Same as in refs 10and 5. .

contrast to formanilide has the peptide bond in a more centered Ab initio CASSCF calculations were performed in the same

linking position, have not been studied to our knowledge. The Manner as described in the monomer paper using Gaussian 98

acetanilide monomer allows the docking of a water molecule ©n @n IBM RS6000. The HF molecular orbitals included in the

to a more enclosed NH binding site to be investigated; active space consisted of the six benzene typ@bitals and

additionally, the effect of solvation on the properties of the the oxygen and nitrogen lone pairs 6fsymmetry: a (10/9,8)

monomer species can be studied. Of interest are, for example@ctive spacé? No orbitals from the water moiety were

changes in charge distributions of the peptidic side chain, barrier included?4

heights for methyl group rotation, and side-chain torsion and  Optimized structures from the monomer were used as a

complex isomer ratios. starting geometry with the water molecule attached to the NH
Two-photon resonant spectroscopic techniques in combinationbinding site and the methyl group in different orientations. This

with a supersonic jet expansion represent powerful tools for complex geometry is assumed to be the most stable from studies

the investigation of molecular complexes. Time-of-flight dis- on similar systems and only calculations of this isomer were

crimination allows the study of mass-selected molecular com- pursued furthe?.6

plexes, and intermediate resonances can be used to state-select

specific isomers. The results obtained using such spectroscopic3. Results and Discussion

techniques ottrans-acetanilideH,0 are presented in this paper.

REMPI and ZEKE spectra of the NH-bound water complex of ~ 3.1. CASSCF ab Initio Calculations.The CASSCF calcula-

acetanilide are obtained and interpreted using CASSCF/cc-tions predict thatrans-acetanilideH,O adopts &Cs symmetry

pVDZ ab initio calculations and simulations of methyl group structure in all three states¢S5,, and D), where two methyl

internal rotation$.In addition, the possible presence of a second, hydrogens and the water hydrogens are above and below the

probably CO-bound, isomer of singly hydrated acetanilide in molecular symmetry plane. In the neutral states, one methyl

Within peptides, amide groups preferably align in a trans
arrangement and can therefore be modelettdoys-N-phenyl-
amides. However, of particular interest is also solvation wit
water, which is not only present as a surrounding bulk but also

the REMPI spectrum is discussed. hydrogen faces the oxygen of the water moiety, whereas in the
cation, the methyl group is rotated by“@hat is, one methyl
2. Experimental and Computational Details hydrogen is oriented toward the amide oxygen. The orientation

of the methyl group in the complex therefore differs from the
orientation in the acetanilide monomer in theehd S state.
The optimized ab initio geometric structures@ins-acetanilide

*To whom correspondence should be addressed. E-mail: kmde@ H20 are displayed in Figure 1 with the intermolecular geometric
york.ac.uk. Fax:+44 1904 432516. parameters. Full geometries are available as Supporting Infor-

The experimental procedure has been described in detail in
the monomer study and previous work and will only be

10.1021/jp0146840 CCC: $22.00 © 2002 American Chemical Society
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Figure 1. CASSCF/cc-pVDZ optimized geometry tins-acetanilideH,O including labeling of atoms. Geometric parameters of the side-chain
and hydrogen bond are given for the (a)(8ormal), S (italic), and (b) I (bold) states. Note: The orientation of the methyl group changed in the

cationic complex compared to the neutral.

mation in Table A; excitation and ionization energies are given
in Table B; and CASSCF harmonic vibrational frequencies up
to 1000 cnm? are listed in Table C. It should be noted that for
acetamide the orientation of the methyl group showed a strong
dependence on the level of theory and basis set {¥s€te
issue of methyl group alignment in acetanilidlgO could not
be investigated further; only relatively low levels of theory and
calculation with small basis sets were computationally feasible.
Geometric structures of the side chain are very similar in both
the monomer and complex. In the complex, bond distances and
angles are slightly smaller except the €315 bond and N2
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C14-015 angle, but all parameters undergo similar changes 6b
upon excitation and ionization. Upon excitation, CASSCF
predicts only minor changes in side-chain bond distances and
angles of acetanilidél,O, which become considerably more
pronounced in the cation. These geometry changes mainly
correspond to displacements along the in-plane bendingyig
side-chain stretching', coordinates. The hydrogen-bond
distance is longer than in the related formandidigO but shows
similar trends upon excitation and ionization. In acetanilide Figure 2. Two-color (1) REMPI spectrum ofrans-acetanilide
H,0, the H13:-020 bond distance shortens from 2.216 A)(S  Hz20 re_corded with'the ionization Ias_er setto 28 820 trithe asterisk
to 2.105 A (S) and then further to 1.906 A @ The angle (*) indicates a region of fragmentation of higher clusters; see text for
between theC,, axis of the water and the hydrogen bond detalls.
increases upon excitation from 1731é 176.7 and again upon slightly more negative, whereas H13 is more positive compared
ionization to 185.7. Because of these large geometry changes to the acetanilide monomer.
of the hydrogen bond, the intermolecular in-plane be#id, 3.2. REMPI Spectrum oftrans-Acetanilide-H,0. The two-
stretch,o, and possibly’ are expected to be relatively prominent  color (1+1') REMPI spectrum of acetanilield>,O with the
in REMPI and ZEKE spectra. ionization laser set to 28 820 crhis displayed in Figure 2,
Partial atomic charges (Supporting Information, Table D) and spectral features observed are listed in Table 1, which
were calculated to investigate the nature of the excess chargencludes assignments and a comparison to ab initio CASSCF/
distribution in thetrans-acetanilidé moiety and its modifica- cc-pVDZ harmonic frequencies.
tions upon complexation. In the cationic monored0% of The REMPI spectrum can be divided into two parts. The low-
the positive excess charge delocalizes onto the side chain (32%requency region represents the NH-bound water complex of
onto the amide group itself). Acetanilidé,O shows similar acetanilide with an excitation energy for the® band of 35697
charge delocalization (42%), and it can be concluded that + 2 cni%, corresponding to a red shift of 207 2 cnt*. [No
hydration of the amide group with water does not influence the distinction has been made between @Gad le symmetry
overall ability for electron density redistribution. This is in line  components. Instead an absolute erroe@ cn?! is given.]
with the almost identical geometry changes upon excitation and This compares to a CASSCF predicted excitation energy and
ionization in the acetanilide monomer and the acetanilide moiety red shift of 37915 and 31 cm (CASMP2+ZPE predicts 36661
in the complex. Locally at the hydrogen bonding site, N2 is cm™! and —2 cn1), respectively. It should be noted that red
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TABLE 1: Vibrational Features Observed in the (1+1'") REMPI Spectrum of trans-AcetanilideeH,O Together with Assignments
and CASSCF/cc-pVDZ Harmonic Frequencies of the SState?

peak position/ cm* splitting/ cnT? relative position/ cm* assignment CASSCF
35696.2 s 23 0 -2.3 S0° (Oay)
35698.5 s : 2.3 0 $°(le)
35707.3m 11.1 8.8 T 37
35719.7 s 235 21.2 CHZ2e) 65
35724.8 vw 28.6 26.3 CH3- "
35745.8 m 21 49.6 47.3 CH3(3a)
35748.9 vw ’ 52.7 50.4 ?
35778.5 vww 82.3 80.0 CH34e)
35815.8 m 21 119.6 117.3 0— S 0°(0a) 130
35817.9 w : 121.7 119.4 0— S 0°(Le)
35825.7 vwww 129.5 127.2 CHZ5e)
35830.9 vww 134.7 132.4 CH3p"
35835.0 vww 138.8 136.5 CH3p'"?
35839.0 vww 142.8 140.5 CH3p'"
35863.4 vw 21 167.2 164.9 B—S, 0° (Oa) 191
35865.5 vw ’ 169.3 167.0 'B-S,0°(le)
35873.3w 24 177.1 174.8 CH3(6a,)
35875.7w ’ 179.5 177.2 ?
35895.5 vww 24 199.3 197.0 ?
35897.9 vwww ’ 201.7 199.4 ?
35922.9 vww 226.7 224.4 ?
36037.5 vww 21 341.3 339.0 2B
36039.6 vww ' 343.4 3411 2B
36051.7 m 13 355.5 353.2 0 gob
36053.0 m ’ 356.8 3545 2.3 0 (@b
36065.4 m 29 369.2 366.9 13.7 12.4 b
36068.3 vw ’ 372.1 369.8 16.6 15.3 b
36076.2 w 11 380.0 377.7 24.5 23.2 b
36077.3w ’ 381.1 378.8 25.6 24.3 b
36087.3 vw 13 391.1 388.8 35.6 34.3 b
36088.6 vw ’ 3924 390.1 36.9 35.6 b
36089.9 vw 393.7 391.4 38.2 36.9 b
36098.1 vww 401.9 399.6 46.4 451 b
36109.5 vww 413.3 411.0 57.8 56.5 b
36114.8 vw 15 418.6 416.3 63.1 61.8 b
36116.3 vww ’ 420.1 417.8 64.6 63.3 b
36205.0 m 24 508.5 506.2 153.0 151.7 6b ®a 583
36207.4 w ’ 511.2 508.9 155.7 154.4 6b (1e)
36217.3w 521.1 518.8 165.6 164.3
36221.3w 525.1 522.8 169.6 168.3
36228.7 vw 532.5 530.2 177.0 175.7
36253.2 vw 557.0 554.7 201.5 200.2
36343.9w 647.7 645.4 292.2 290.9 12 691
36353.3 vww 657.1 654.8 301.6 300.3
36499.2 m 803.0 800.7 447.5 446.2 N 854
36522.7 w 826.5 824.2 471.0 469.7
36547.6 vw 851.4 849.1 495.9 494.6
36605.5w 909.3 907.0 553.8 552.5
36640.6 vw 944.4 942.1 588.9 587.6
36654.7 m 958.5 956.2 603.0 601.7 1 1031
36663.3 vww 967.1 964.8 611.6 610.3

a All frequencies are given in cm with an absolute error o£0.2 cnTt and intensities denoted as vvw very, very weak, vw= very weak,
w = weak, m= medium, s= strong. Ring modes are labelled according to Wilson notdfiohFragmentation of higher clusters.

shifts are extracted from the CASSCEF calculation as a difference the signal-to-noise ratio is too low to allow detailed analysis of
between two comparably large energies. Shifts are extremelythose features.

difficult to calculate especially when the excited state is  Between these spectral regions, fror86 050 to~36 150
involved* cml, an additional series of peaks appears with a possible
Methyl group rotational excitation, low-frequency side-chain second $0° origin band at 36 052 0.2 cnt! and vibrational
modes and intermolecular vibrations follow the dominan®®s features as listed in Table 1. An unambiguous identification of
band which will be discussed later. In the higher frequency part those peaks is at present not possible; however, the following
of the REMPI spectrum, intramolecular aromatic ring vibrations observations were made: (i) It was not possible to record a
are observed. Suggested assignments use the Wilson nétation ZEKE spectrum via the peak at 36 0520.2 cnT. (i) Detailed
by comparison to phendl, but many such ring modes show spectroscopic measurements of formaniljeigO), clusters by
strong coupling to displacements of the side chain, and labels Simons et al. using spectral hole-burning techniques allowed
should only be seen as a guide. Smaller features to the blue ofthem to identify a group of features300 cnt?! above the §
those ring modes indicate that low-frequency vibrations observed° origin. A relatively strong feature that was followed by
on the § 0° band are repeated as combination bands, though smaller peaks could be assigned to fragmentation ohtse2
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Figure 3. Two-color (:+1')-REMPI spectrum of the low-frequency
range of NH-boundrans-acetanlideH,O recorded with the ionization
laser set to 28 820 cm. The spectrum is presented relative to the S
0° (Oa). Additional assignments are listed Table 1.

complex into then = 1 mass channel. Furthermore, a low
intensity peak and vibrations built off it could be attributed to
the presence of a second, blue shifted CO-bound formanilide
H,O isomer. Comparison to this study suggests that the peaks
observed in the acetanilidé,O spectrum in this frequency range
are also either from fragmentation of higher water clusters of
acetanilide or represent the CO-bound water complex with the
water acting as a proton donor. This would correspond to a blue
shift of 148+ 0.2 cnt! with respect to the acetanilide monomer
and is comparable to the blue shift observed for CO-bound
trans-formanilideH,O (118 cnt?l). The time-of-flight (TOF)
mass spectrum did not reveal the presence of any higher clusters
even when the excitation laser was set resonant to the second
origin peak; however, this could be interpreted as 100%
fragmentation efficiency. (iii) The signal intensity of those peaks
showed a strong dependence on the amount of one-color
contribution to the (31') REMPI spectrum. An increase in one-
color contribution lead to a broad background in this spectral
range, and peaks gained intensity. It can therefore be concluded
that spectral features within this range are not related to the red
shifted S Q° origin band of the NH-bound water complex of
acetanilide, and fragmentation of higher clusters is considered
as their most likely origin. Further hole-burning experiments
could be used to confirm this conclusion.

The low-frequency part of the NH-bound acetanilidgO
spectrum is displayed in Figure 3. The origin band shows two
components originating from population of the;Cand le

J. Phys. Chem. A, Vol. 106, No. 40, 2002191

(a) S; 0° (0ay,1e)

35694 35696 35698 35700 35702
Excitation energy / cm’”

(b) S T

W
/W\NWV ! MV\/WW/V\N ()

35704 35706 35708 35710 35712
Excitation energy / cm’

(c) S; CH3' (2e)

35716 35718 35720 35722 35724
Excitation energy / cm’”

Figure 4. Comparison of band contours of (a) ®, (b) S T, and (c)

methyl rotor states in the neutral ground state. Comparison of S: CH3' (2e) bands.

band profiles in Figure 4 of the two; $° components (Figure

4a) to the contours of higher rotor states of identified symmetry above $0° (Oa) can be assigned to the methyl rotor excitations

and to the acetanilide monomer suggests that theafld le
species occur at 356962 0.2 and 35 698.5: 0.2 cn1l,
respectively. This corresponds to a splitting of theOSband
of 2.3 & 0.2 cnTl. The appearance of the two symmetry
components in this order, i.e., the 6H3°(0a) — Sy CH3»-
(O&), occurs at lower frequency as the@H3°(1e)— Sy CH3y-

CH3! (2e), CH3 (3a&), CHZ (4e), CH3 (5e), and CH3(6a),
respectively. The frequencies of those transitions are in excellent
agreement to the simulated Sate rotor levels listed in Table

2 and show the anticipated rotational band contour; only the
assignment of CH3(6a) remains uncertain. The relatively low
frequency of the Sstate CH3 (2e) rotation in the complex is

(1e), implies that the barrier in the ground state is higher than in agreement with the conclusion that the excited-state barrier
in the excited state. The opposite observation was made in theheight for internal rotation is very small, about 205 cnr 2.

acetanilide monomé#

Both & rotor transitions, CH3(3a) and CH3 (6a), show an

In the low-frequency region of the REMPI spectrum up to additional feature immediately to their blue that cannot be

350 cnt1?, the peaks at 23.5, 49.6, 82.3, 129.5, and 177.1cm

assigned at present. In a manner similar to the acetanilide
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TABLE 2: Experimentally Determined Methyl Rotor States

of trans-AcetanilidesH,0 in the Sy, S;, and D, States CH3 (3a,) BCHY (3a,) (d) via CH3' (3a,)
Compared to Simulated Eigenvalue3 2B+CH3’ (3a)
assignment  experimental/ctn simulated/crm*

S state B=5.2,V5=50-60, V=0

Oa 0 0

le 2 2 T o T T T T T

S, state B=5.2, V,=20, V=0 K e CM BT BucH3' (20) () via CH3" (2e)

Oa 0 0 o By 2B4CH' (2¢)

le 5 4 & p K

2e 26 23 W

3a 50 49

4e 85 84

5e 132 131 ' T e BT ' ' T by via T

6a 177 188 g | O

Do state B=5.2, V3=320, V=0 X

Oa 0 0

le 0 0

2e 103 108

3a 175 196 S —

4e 208 204 IE (@) vias, o°

5e 265 264 1 .

B'+CH3' (2¢)

2 All frequencies are given in cm and relative to CHB0A; of the 2| % omachs o)
corresponding state. B is the reduced internal rotor constant, and V ¥ v
and Vs are internal rotor barrier heights. See ref 13 for more details.

T T T T T T 1 T

monomer, a progression of three, equally spaced\#yn?) 0 200 400 600 800
very weak vibrational features is built off the CHGe) methyl o 4
rotation and has been assigned to the intermolecular out-of- lonisation Energy (cm )
plane bend", which acc_ordlrlg to the i_ib initio calculations is Figure 5. ZEKE spectra ofrans-acetanilideH,O recorded via the (a)
the lowest frequency vibration, predicted at 14 émThe S, 0°, (b) side-chain torsion T, and methyl group internal rotations (c)
relatively small feature at 28.6 crh above $ 0° (Oa) is CH3! (2e) and (d) CH3 (3a). All spectra are displayed relative to
analogously assigned to the combination band £@8)+ . their respective ionization energy (IE) from either thed$(0a) or S

The lowest frequency feature in the REMPI spectrum at 11.1 0o (1e) level. For exact ionization energy values see Table 3.

cm~1 above the $0° (Oa) band is assigned to the side-chain

torsion T, which was predicted to appear at 37 &ty CASSCF excitation slightly increases the State barrier height for methyl
calculations, for the following reasons: The forbidden Qin group rotation. A further noteworthy observation is that, whereas
symmetry) torsion becomes allowed in tfg group due to the Oa and 1e peak intensities of the & band are very similar,
coupling to the methyl group rotation, with the peak profile for Si ¢ the intensity of both symmetry components is
corresponding to an e e transition (Figure 4b). Furthermore, —considerably different. Unfortunately, the resolution of the S
a feature was observed at a very similar frequency in the ¢ =~ So 0° band in spectrum Figure 2 is not good enough to
monomer spectrum (16 gsand ~14 cnt(Sy)). The low- unambiguously identify the symmetry of both components and
frequency features now assigned to T, GH3e) (Figure 4c) determine the barrier height changes exactly. An assignment
and CH3 (3a,), were used as resonant intermediate levels for of 1e and Oaspecies in reversed order would be possible in
ZEKE spectra. The corresponding vibrations in the cationic Principle, although it would imply an increase in Siate methyl
spectrum show an enhancement in intensity which is in accord rotor barrier height by~200 cnt* under additional excitation
with a high Av = 0 propensity. The remaining peaks can be of the intermolecular stretchy, Such an assignment is therefore
assigned by comparison to the acetanilide monomer spectrumconsidered less likely.

which suggests that the peak of very weak intensity at 162cm  3.3. ZEKE Spectra of trans-Acetanilide-H.0. The ZEKE

is the in-plane side-chain bend;;Bhis feature appears in the spectra of the NH-bound water complex recorded via the (a)
monomer REMPI spectrum at exactly the same frequency. No S1 0°% (b) side-chain torsion T, and methyl group internal
corresponding monomer peak was observed for the feature atrotations (c) CH3 (2e) and (d) CH3 (3ay) are displayed in
120 cn1?, which was therefore assigned to the intermolecular Figure 5, with peak positions listed in Table 3. The ionization
stretcho. As expected from other hydrogen-bonded complexes, energy was determined as 62 68% cnm* which corresponds
the stretch is of significant intensity. CASSCF/cc-pVDZs&te to a red shift of 2904t 5 cni ! with respect to the monomer
calculations predict the and B vibrations to appear at 130  ionization energy. The CASSCF calculations predict an ioniza-
and 191 cm?, respectively. However, in the ab initio normal-  tion energy and red shift of 53 388 and 3482 ¢r(62 040 and
mode analyses, both modes show a large degree of mixing. The3246 cm* including MP2 and ZPE corrections), respectively.
lower frequency mode, labeled, corresponds to an out-of- The methyl group internal rotations appear in the complex
phase, and the higher, labeled Borresponds to an in-phase at very similar frequencies as in the monomer so that the barrier
movement of the water stretch displacement and side-chaincan be assumed to be of similar height in both species. The

bend. A similar coupling occurs for the out-of-plane befid, eigenvalues of methyl rotor levels in &V potential were

and side-chain torsion T. simulated to confirm the assignment in Table 3 and determine
It should be noted that for both featuresand B, & and e the barrier height accurately. The best agreement was achieved

symmetry components appear with g-8ae splitting of the $ for a barrier height of 320 cm for V3 all values are

bands of 2.1 cm! compared to a splitting of 2.3 cm for the summarized in Table 2. This barrier height of 320¢rmplies
S; ° transition. This indicates that and B vibrational that the CH8 (0a) and CH3 (1e) levels of the b state are
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TABLE 3: Vibrational Frequencies in cm~! Observed in the ZEKE Spectra oftrans-Acetanilide'H,O Recorded via the (a) $ 0°,
(b) Side-Chain Torsion T, and Methyl Group Internal Rotations (c) CH3! (2e) and (d) CHZ (3a)?2

relative position/cm?

(a) via§Q° (b)viaT (c) via CH3 (2e) (d) via CH3 (3a) assignments CASSCF
Os Om Om IE
(62632.0+ 5) (62632.2+ 5) (62634.4+ 5)
34m 33 vw B 23
48's 47 s T 59
73w 73m B 79
94 vww 2T
102 vww 104 w 103s CH3(2e) 119
(141 vw) CH3 (2e)t+ B"ICH3' (2e+T
160 m o 165
175s CH3 (3a)
199s 200 w 199w B 207
209 w 208 w CH3(4e)
233s 233w B+p5"
247 s 246 m B+T
265w CH3 (5e)
273 vw B' +p'
285w
306 w 299 w 300s B+CH3! (2e)
344 vw 340 vw 338w y' 331
359 vw B'+ o
372s CH3 Ba)+ o
398 w 392w 410 vw 2B
484 w 2B +p'
507 w 498 w 2B+CH3! (2e)
570 w 2B+o
824 vw
887 vw
991 w
1086 vw

aFrequencies are given relative to their respective ionization energy (IE) from eithes €a&€C8y) or S 0o (1€) level. Intensities are denoted
as vww= very very weak, vw= very weak, w= weak, m= medium, s= strong. Assignments and CASSCF/cc-pVDZ harmonic frequencies of
the D state are also presented.

(nearly) degenerate, which allows us to determine the ground- overlaps between different states (e.g.aBd D) as a function
state splitting from the difference in ionization energies of the of the rotation angle. If the methyl conformation changes by
ZEKE spectra selectively recorded via intermediate levels of A 60° upon ionization from § one would intuitively expect
and E symmetry. Comparison of the ionization energies of the transitions between low energy; And E levels to appear with
ZEKE spectra via SCH3! (2e) and $ CH3? (3a) indicates a weak intensity. Transitions from methyl rotor levels near or
splitting of 2.2 cn?! for the CH® (0a) and CH3 (1le) levels above the barrier height of the State potential should show
in the neutral ground stateg.SAlthough the splitting is within increasing overlap of initial and final state wave functions and
the absolute error given for the ionization energies, relative therefore gain intensity. The relatively intense ionization energy
values are expected to be more precise allowing the splitting to band in the ZEKE spectrum of acetanilitO recorded via

be determined withint2 cnm®. The fact that the Qaand 1le the S O° intermediate level is at odds with the computationally
symmetry species in the; ° origin band occur in this order  predicted change in methyl conformation; consequently, it has
with a splitting of 2.3 cm® means that the barrier heightin the to be considered that the CASSCF/cc-pVDZ predictions are
S; state is lower than in the,State, and the ;Srotor levels probably at fault.

CH3” (0a) and CH3 (1e) are separated by 5.5 ch Barrier The ZEKE spectrum recorded via the & origin is shown
heights in the Sand S states were obtained as 55 and 20&m in Figure 5a. The main features are the cation band origin, a
respectively, from simulations of methyl rotor states of features band at 199 cmt ion internal energy, and its overtone at 398
observed in the REMPI spectrum. For the monomer, barrier cm~1. Both bands are assigned to the side-chain benand

heights of 16-30 cnT! in the ground-statesSand 50 cnit in B'2, which also showed a progression in the corresponding
the excited-state ;Svere determined® monomer spectrum at 181 and 364 ¢nThe observed increase
According to CASSCF/cc-pVDZ calculations, complexation in frequency upon complexation was also predicted by the
with water leads to reorientation (rotation by°$0f the methyl CASSCEF calculations and is most likely the result of the bending
group in the minimum energy configuration of the &d S motion of the side-chain being hindered by the water molecule.

states which might result in a change in barrier heights comparedThe corresponding bending mode was observed in formanilide
to the acetanilide monomer. In the cation, the orientation of H,O at 221 cml. Although other hydrogen bonded complexes
the methyl group (one hydrogen toward the amide O) is identical such as pheneH,0,° resorcinoiH,0,2° and methoxyphenel

for the monomer and the complex; that is, in the complex, the H,0?! would imply an assignment of the progression to the
methyl group rotates by 8Qpon ionization. These orientations intermolecular stretchy, due the shortening in hydrogen bond
of the methyl group were determined by ab initio calculations, distance upon ionization, the absence of such a progression in
although Fujii et ak® have demonstrated, for example, for cresol formanilideH,O° suggests that molecules with more flexible
and cresoH,O how one-dimensional rotor simulations of the side-chains, e.gN-phenylamides, show different multidimen-
intensity patterns in ZEKE spectra provide information on the sional Franck-Condon overlaps. Further ab initio investigations
relative alignment of the methyl group from wave function would allow Franck-Condon simulatior?@23 of the ZEKE



9194 J. Phys. Chem. A, Vol. 106, No. 40, 2002 Ullrich and Muler-Dethlefs

spectra to try and understand a relation between simultaneousbserved at a lower frequency than in formanitdgO indicat-
geometry changes of the side chain and hydrogen bond anding a weaker hydrogen bond. In the REMPI spectrum of
resulting intensity patterns. Alternatively, the feature at 199%cm  acetanilideH,O, no intermolecular in-plane beng’, was
could be assigned to the CH84a) methyl rotor excitation, observed, but the corresponding mode in the ZEKE spectrum
which would bring it into closer agreement with the simulated appeared at a higher frequency than in formanik3®. This
eigenvalue but would lead to difficulties in the assignments of can be explained by steric hindrance of the methyl group
the progressional features. The intermolecular stretchis neighboring the hydrogen bond site. AcetarifigD spectra also
expected to appear at least as an intense fundamental and iglisplay prominent methyl rotor excitations. Barrier heights and
therefore assigned to the peak at 160 &ion internal energy. eigenvalues were determined for thg S;, and ) states by
The CASSCEF calculations predict a harmonic frequency of 165 simulations; compared to the monomer, the barrier height of
cmt for o, but an additional confirmation is gained from the the acetanilideHd,O complex increased from 20 to 55 ciin
appearance of the formanilidé,O° stretch at 174 cmt. Smaller the § state, decreased in the §ate from 52 to 20 cn#¥, and

features observed in the ZEKE spectrum of acetanitid® remained similar (320 cm) in the Dy state. All these results
recorded via $0° can be attributed to the intermolecular in- are in marked contrast to the van der Waals bound complex
plane bendp’, which was also observed in formanilitO, acetanalideAr.24

the second quantum of the torsior?, Bind the methyl group
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