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Importance of Entropy in the Conformational Equilibrium of Phenylalanine:
A Matrix-Isolation Infrared Spectroscopy and Density Functional Theory Study
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The conformational behavior and infrared spectrum+phenylalanine were studied by matrix-isolation infrared
spectroscopy and DFT [B3LYP/6-31+1-G(d,p)] calculations. The fourteen most stable structures were
predicted to differ in energy by less than 10 kJ mpkight of them with abundances higher than 5% at the
temperature of evaporation of the compound (423 K). Experimental results suggest that six conformers
contribute to the spectrum of the isolated compound, whereas two conformegran@dblibs) relax in matrix

to a more stable form (I due to low energy barriers for conformational isomerization (conformational
cooling). The two lowest-energy conformers(la) differ only in the arrangement of the amino acid group
relative to the phenyl ring; they exhibit a relatively strong stabilizing intramolecular hydrogen bond of the
O—H---N type and the carboxylic group in the trans configuratior=(@-O—H dihedral angle ca. 18D

Type Il conformers have a weaker H-bond of the-N---O=C type, but they bear the more favorable cis
arrangement of the carboxylic group. Being considerably more flexible, type Il conformers are stabilized by
entropy and the relative abundances of two conformers of this typeafidh IIc;) are shown to significantly
increase with temperature due to entropic stabilization. At 423 K, these conformers are found to be the first
and third most abundant species present in the conformational equilibrium, with relative populations of ca.
15% each, whereas their populations could be expected to be only ca. 5% if entropy effects were not taken
into consideration. Indeed, phenylalanine can be considered a notable example of a molecule where entropy
plays an essential role in determining the relative abundance of the possible low-energy conformational
states and then, the thermodynamics of the compound, even at moderate temperatures. Upon UV irradiation
(4 > 235 nm) of the matrix-isolated compound, unimolecular photodecomposition of phenylalanine is observed
with production of CQ and phenethylamine.

1. Introduction appearing in the solid matrix between the sample and inner gas

molecules. The most stable structures of aliphatic amino acids

of compounds because they are the basis of polypeptide an ave been fo_und to be stabilized by a bifurcated H-bond linking
he carboxylic oxygen atom and the hydrogen atoms of the

protein chains and take part in many fundamental biochemical _ . .
. . . . amino group. However, existence of other conformers has been
processes, like, for instance, enzymatic catalysis and neurotrans-

e - . . . proven experimentally for all molecules studied hither-
mission. In proteins, amino acids occur as residues of neutralto 4-13,15-18.21-28

L-a forms, whereas the zwitterionic structures are found in the
crystalline state and in solutidn® Amino acids adopt their
neutral form also in the gas phds® and in low-temperature
inert matrixes#-28 Therefore, the structures of these compounds
have been extensively studied in both these media. A numbe
of aliphatic amino acids as well as some of their derivatives

have been investigated experimentally up to date: glycdié&18

Amino acids constitute one of the most important families

The conformational distribution of amino acids depends
strongly on the experimental conditions, because they have low
conformational interconversion barriers. Low barriers have been

(predicted theoretically for glycine and alanine (for alanine, as
low as 129 cm! and less than 35 cm for the internal rotations
around CG-N and C-C(=0) bonds, respectively).Indeed,

sarcosine N-methylglycine)t® N,N-dimethylglycine2® ala- con_former interconvers_ion ir_l glycine has been observed ex-
nine,621’23valine,7'24prolin68v25’26and serine&’-28Most of these perlmentally by matrix-isolation IR SpeCtrOSCéﬁy17 to ta'fe

studies also reported theoretical calculations at various Ievels'oIace at a temperature as low as 1.3 K: annealing at.thls tem-
of theory5-131517.1928 perature of an argon matrix containing the three experimentally

In general, the gas-phase results are qualitatively consistentObservable conformers of the compound led to conversion of

with the matrix-isolation data, despite van der Waals forces the conformer bearing the-I\H---_O—H bqnd into the most
stable formt>17 Hence, to predict possible conformational
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Contrary to aliphatic amino acids, the structures and preferred FT-IR spectra were recorded in the 480000 cnt?! range
conformations of aromatic amino acids are still quite unexplored using a Mattson Infinity 60AR series FT-IR spectrometer, with
fields. There are three naturally occurring aromatic amino 0.5 cnt! resolution. The sample was co-deposited with argon
acids: phenylalanine (Phe), tyrosine (Tyr) and tryptophan (Trp). isolant gas (99.9999%, Air Liquide) onto a cryogenically cooled
Due to the presence of UV chromophores in their structures, Csl window. The selected temperature of the optical substrate
these compounds have been extensively studied in the gaseougl2 K) was obtained using an APD Cryogenics closed-cycle
phase by laser spectroscop}.122%32 However, according to  helium refrigeration system with a DE-202A expander. The
our best knowledge, only two studies have been reported until temperature was measured directly at the sample holder by a
now, which investigated the fingerprint region of the IR spectra silicon diode temperature sensor, connected to a digital controller
of these compounds (Trp and Phe) in the gaseous ghése. (Scientific Instruments, Model 9650-1), with accuracy of 0.1
For Phe, the IR spectrum was record@dut the experimental K. Annealing of the matrixes was performed by increasing the
approach used was not conformationally selective. Moreover, temperature gradually up to 33 K. Spectra of the annealed matrix
for interpretation of the experimental results, the authors took were recorded without subsequent cooling cycle.

into consideration theoretical results for a single conformer (and A 150 W xenon arc lamp (Osram XBO 150W/CR OFR) was

by far not the lowest-energy one), only. For Trp, three con- ysed for photolysis of the matrix through the outer KBr window
formers could be characterized by IR ion-dip spectroscopy and of cryostat 4 > 235 nm).

DFT calculations?!

Phe and Trp were also studied previously in a supersonic
beam by UV and IR ion-dip spectroscopy combined with ab
initio computations, by Snoek et &2 These studies centered

In the previous studies of matrix-isolated glycine, alanine and
valinel”2224 it was found that these amino acids tend to
decompose at strong heating. Thus, sublimation temperature had

. . S to be kept as low as possible to avoid decomposition of the
on the analysis of the ©H and N-H stretching vibrations, compounds, but high enough to allow their sublimation.

and an extensive computational analysis was pre;sented. SiXSuinmation temperatures around 15050 °C were found to
conformers_of each compound were found to contrlbu_te to the satisfy these conditions for the above listed amino acids with
cprrespondlng Uvuv hole-bgrmng spectra, w_hereas five and aliphatic side chains. The same deposition conditions were also
six conformers were recc;gnlzed n the ion-dip IR spectra of found in this study to be satisfactory for phenylalanine. The
Phe and Trp, respectivefy2The a55|gnm¢nt of one of the low- compound was evaporated from two different furnaces at 150
po%qlegek(]j Zhe_conformers wasflatﬁr re\."ﬁei by Leeb_é%wdhp f°C (423.15 K). Deposition from a stainless steel Knudsen cell
studied hydration processes of Phe with the combined use o catalyzed decomposition of the compound, as evidenced by the
the R2PI me”.‘°d and quantum-chemlcal c.alculatllons. More appearance in the spectrum of the bands due to monomegic CO
recently, u!trawolet rotational contour analysis studies brought along with absorptions due to phenylalanine. Deposition from
a new assignment of Phe _conformé]rs. . . a glass furnace at the same temperature resulted in a similar
Despite the important discrepancies found in the different spectrum of matrix-isolated phenylalanine, which was free from

i i 1,12,31; i
z:)undslgﬁgﬁ\?g:ﬁl\,yerff?r:fg{ct thz:?fr:?e Iriggtws ?gg?’escigfonﬁglr inCOg related bands and other decomposition products. The latter
spectra were the subject of analysis in this study.

both Phe and Trp is stabilized by a relatively strong intramo- .
lecular H-bond established between the carboxylic OH group 2.2. Computatlonal Methods.To generate the structures of
Phe to be provided as input geometries to the calculations, the

and the nitrogen atom. The increased stability of this conformer, ) A X -
compared to what is found for aliphatic amino acids, was relevant torsion angles were varied in a systematic way. Eighty

explained by the existence of a “daisy-chain’ sequence of structures with no S|gn|f|c§nt steric hindrance were then
interactions involving aromatie-electrons, the amino group subjected to geometry optimization and frequency calculations

and the carboxylic OH groud.The same lowest-energy at the DFT level of approximation with the_standard_ 6+&(d)
ted basis set. The DFT calculations were carried out with the three-

conformer was postulated in a recent study of matrix-isola . ; o .
tyrosine, by Ramaekers et ¥l These authors considered the Parameter density functional B3LY#* and the obtained
contribution from nine conformers, with three types of the Cconformers were subsequently reoptimized at the B3LYP/
H-bonds, to the recorded matrix-isolation IR spectra. Neverthe- 6-311++G(d,p) level of theqry. Twenty two and fourteen
less, they were not able to distinguish between conformers, cOnformers were found to be in the 20 and 10 kJ thehergy
which have the same H-bond type. range relative to the most_stable form_, respectively. Vibrational
In light of controversies concerning the structure of Phe, SPectra and thermochemical properties (at 298.15 and 423.15
K) were computed for all calculated conformers and the relative

matrix-isolation IR spectroscopy appeared as a promising
technique to investigate the conformational preferences of the @Pundances of the most stable conformers at these two tem-
peratures were then estimated using th€ = RT In K

compound. Thus, this technique was used as the main researc ’ ! X )

tool in this study. Interpretation of the experimental data received €duation, whereAG is the Gibbs free energy relative to the
support from extensive high-level DFT calculations, which most st_able conformer arit is the ratio of the concentrations
provided geometries and conformer relative energies, normal ©f & pair of conformers.

modes and conformational interconversion energy barriers. As Additionally, the transition states for conformational inter-
will become clear in this work, investigation of possible conversions were computed at the B3LYP/6-331G(d,p) level
interconversion processes and consideration of entropy effectsof theory, with the STQN (QST2 or QST3) method, for chosen
in calculating the relative abundance of conformers in the pairs of conformers differing by internal rotation around the
gaseous phase proved to be key factors in the proper descriptiorc1—Ca, Ca—Cp, or G;—N bond. The transition states between

of the experimental data. conformers differing in the conformation of the carboxylic group
(cis or trans G=C—O—H configuration) were not investigated
2. Methods systematically, because the barrier associated with th® C
2.1. Experimental Methods.L-Phenylalanine (purity-99.0%) internal rotation has been shown to be high for amino acids

was purchased from Merck Sp. z o0.0. (Warsaw, Poland) and and similar carboxylic acids, e.g., more than 5500 €66 kJ
used without further purification. mol~1) for glycine® and 53 kJ moi? for glycolic acid3” Only
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TABLE 1: Relative Energies (AE, kJ mol~%; Including the Zero-Point Vibrational Energy), Dipole Moments (u, Debye) and
Main Dihedral Angles (deg) of the Phe Conformers within 30 kJ mof! Ranget

name
b c AE u 0=C-0-H  C~Cy—Cy~C,  C~CoeN-lp  0=C;~C,~N  C,—Cs—C,—ring

by Il 00 56 ~178.6 175.2 29.8 166.1 16.0
la | 02 52 179.2 ~743 -22.2 ~170.2 -9.1
Ib, \Y 05 55 179.2 170.1 —27.2 ~167.4 13.8
llay [ 3.7 12 0.1 ~66.4 ~178.3 -36 15
liby Vi 42 23 -0.7 177.1 ~72.2 -31.0 9.9
lib, Vil 45 1.3 ~1.1 163.6 163.1 -21.9 -7.3
licy Vi 47 14 -2.1 61.6 174.0 ~56.9 -8.7
libs IX 50 1.9 0.2 174.8 83.4 12.4 4.7
lib, 71 22 15 172.8 64.3 ~139.0 9.5
lMla, Vv 72 15 0.7 ~70.4 ~176.1 ~178.1 -0.8
liib> 79 26 -16 173.1 -58.9 140.6 11.6
llic, 80 15 0.1 59.0 179.4 109.2 —121
lic, 90 18 -0.9 62.5 -62.3 -56.1 -9.5
libs 94 1.7 0.5 161.5 170.6 136.6 —4.4
lla, 1.2 22 -0.1 -62.7 ~71.4 —20.6 2.0
Ic 125 50 ~174.0 65.8 35.9 156.3 -9.9
liic, 131 26 —2.0 59.9 ~51.2 119.5 ~116
Id 131 50 175.0 96.1 -32.9 ~158.4 12.8
llla, 135 21 0.4 ~66.0 -58.3 163.4 0.9
llics 13.7 23 15 76.1 59.3 ~111.2 -7.9
lics 157 1.9 0.2 77.2 89.1 11.7 ~26.2
IVey 19.7 37 ~173.3 66.1 175.3 ~16.5 —21.7
Ve, 235 4.9 ~176.7 71.3 98.3 9.5 ~25.6
IVay 271 31 178.1 ~66.9 ~178.4 -9.7 -43
IVb, 274 32 177.8 160.3 164.6 -238 ~14.9

a“lp” states for the lone pair of the nitrogen atom and{C,—N—Ip) is defined as [(¢-C,—N—Hs) + (C;—C,—N—Hog)]/2 + 180. Dihedral
angle “G,—Cs—C,—ring” is defined as [(G—Cs—C,—C's) + (Co—Cs—C,—C"))/2 and designates the angle formed by the-C; bond with the
plane perpendicular to the plane of the phenyl rihnGonformers Vg, IVa; and IVhy, despite having energies above 20 kJ Thohre included in
this table to show geometrical trends of conformers of type IV (which are systematically found to have high relative energies and for obvious
reasons will not be discussed further in this artict€yonformer nomenclature used in refs 9 and 11.

CHART 1: Atom Numbering for Phenylalanine? CHART 2: Conformer Types Resulting from Different
/4 /9 Orientations of the Amino Acid Fragment?
7 a8 H H H H H
N HO HH HH
oi /] = 2 o/ NH o SN ow—o SN o N
o \s" / N N N N/
Ry, SSe=E I A VA AN
O//1 N \é_vcms T\, o HR H= HYR J Ak qQ HR
5 el 13\\84 15C//16 I 11 111 H v
1 S8 a“R"” states for the phenylalanine side chainCH,—CgHs.
19¢ %20

aHydrogen atoms are presented by their numbers only and are not"’md G—N7 (_C‘l_N) internal axes. Table 1 presents the values

shown explicitly. Carbon atoms C5, C10, C13, C14 and C18 are Of these dihedral angles in the twenty-five lowest-energy

alternatively referred in the text as.@s, C,, Cs and C's, respectively. conformational minima together with relative energies and
molecular dipole moments calculated at the B3LYP/6-B1G-

one example of such barrier was calculated in this study to (d,p) level of theory. The conformer naming adopted in this

demonstrate that this barrier is also high for Phe. work is also presented in Table 1 and deserves a detailed
All the above-mentioned calculations were performed using €xplanation. _ _ _
the Gaussian98 or Gaussian(® suites of programs. There are four typical arrangements of the amino acid

Calculated harmonic frequencies obtained at the B3LYP/ fragment designated by Roman numerals from I to IV (see Chart
6-311++G(d,p) level of theory were used in the analysis of ] ]
the experimental spectra. They were scaled down by the factor ©One of these numbers constitutes the first element of the name
of 0.98, to account mainly for anharmonicity effects and of a conformer and corresponds to the combination of two
limitations of the basis set. Potential energy distributions (PED) dihedral angles. The first dihedral angle=0—0O—H, adopts
of the normal modes were computed in terms of natural internal the trans orientation (ca. 180n types | and IV, whereas types

coordinate® with the Gar2ped progrant. Il 'and III correspond to the cis orientation (c&) Qvith very
small deviations from planarity (less thafy 8ee Table 1). The
3. Results and Discussion second dihedral angle,&C—C—N, adopts trans (or trans-like)
orientation, with absolute values being above °108 types |
3.1. GeometriesChart 1 shows the molecular structure of and Ill. In types Il and IV, the &C—C—N dihedral angle
phenylalanine monomer and atom numbering scheme adoptechdopts cis (or cis-like) orientation, with absolute values being
in this study. less than 62
The conformational multiplicity of Phe is defined by five The second element of the conformer’'s name is the letter
degrees of freedom, namely by rotations aroung-Q; “a”, “b” or “c” which describes the relative position of the

(C—0); C1—C5 (C1—Cy); C5—C10(Cu—Cp); C10—C13(Cs—C,) phenyl ring with respect to the amino acid fragment (Chart 3).
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CHART 3: Conformer Types Resulting from Different
Orientations of the Side Chain (Exemplified for Type |

TABLE 2: Geometry of the H-Bond (Distances in A, Angles
in deg) of the Most Stable Phe Conformers

Conformers)?* conformer  H-bond type %-H XeY  OY—H--X
M ,TH M {TH M ,t'H by (I) Os—Hgs*N; 1.924 2613 1248
0 N el ' o] N la 1.869 2.600 126.0
Ned N d o d Ib, 1.910 2605 1253
+~\ Ring / ~ H R \H
/7 AL 0/ H M _Ring o/ H “—q lla (n 2.775,2.771 2.838 83.1,83.3
H/ H Rin Ilby N7—Hg*+-O, —,2.432 2772 —,98.6
a b [ 9 IIb, N7—Hg*+-O, 2.506, 3.126  2.848 99.0, 64.9
a“Ring” states for the phenyl ring-CeHs. licy 2.725,3.314 2996  95.3,63.2
lbs —-,2.326 2723 —,101.9
This parameter is described by the value of the  ''°2 = 2.595 2872 —,952
C1—C,—Cs—C, dihedral angle. This angle adopts essentially ~ llbx  (Ill) 2.364,— 2.708  98.6,-
three possible orientations centered around average values of ”:g k‘ltﬂs::g& %53%326744 22'771386 _8848(:)78'9
—67.8 (a), 169.8 (b) and 66.8 (c) with relatively small e TR D90 5975 — 956
deviations (less than ) [Among the 25 most stable conform- b -, 2.485 2.833 —,994

ers, one form was found with a different arrangement around

this axis, exhibiting a €-C,—Cs—Cy dihedral angle of 9671 types I, Il and Ill (Table 1). Relevant calculated geometrical
It was named Id (see Table 1).] A similar trend has been found parameters of the H-bonds found in these conformers are shown
for valine, where rotation around the, €Cs bond was studied in Table 2. The fourteen most-stable conformers of Phe are
systematically and showed the existence of a 3-fold internal presented in Figure 1.

axig4 with minima of a, b and c type in conformers |, Il and The two most stable conformers are of type I1(8nd |a)

II. and differ solely by the arrangement of the amino acid group
The third element in the conformer’'s name is given by an with respect to the phenyl ring. In structures of type Il and Il
Arabic numeral, “1”, “2” or “3". It corresponds to three different  the intramolecular H-bond is formed between the amino
orientations of the lone pair of the nitrogen atom with respect proton(s) and the carbonyl and hydroxyl oxygen atom, respec-

to the G—N axis. As a general rule, in type | conformers the tively. The H-bond is nearly symmetrically bifurcated for
position of the lone pair is unique and corresponds to the cis conformer lla. The local asymmetry of the H-bonding system
orientation (absolute value around 29.6vith respect to the is growing in the order Ilp < licy < llby, lIbs, llc,, practically
C;—C, bond, because of the intramolecular hydrogen bond turning into a single bond for the latter three forms (see Table
between the Nkland OH groups [the exception occurs for the 2). With the increase in the asymmetry, the stability of the
Ib type structure, where two orientations of the lone pair, structure decreases with the exception of structure Abalo-
differing by the sign (“cis” and “minus cis”), were found to  gous behavior was predicted for type Ill structures. However,
correspond to minima]. In conformers of type Il (or Ill) there in this case, only llladisplays a bifurcated H-bond.
are three possibilities of formation of intramolecular hydrogen  3.2. Energies and Abundances of Phe Conformers and
bonds between the amino group ang@ (or C—0) moiety. Conformational Interconversion Barriers. The physicochem-
The intramolecular hydrogen bond can be bifurcated, corre- ical bases of amino acid preferencesdsehelical, 5-strand and
sponding to the lone pair in the trans position (around 1°J3.3  other main-chain conformational states in proteins are contro-
Alternatively, it can involve only one hydrogen atom of the versial. The hydrophobic effect, side-chain conformational
amino group, when the lone pair adopts the “gauche” or “minus entropy, steric factors, and main-chain electrostatic interactions
gauche” position (with average values of the-C,—N—Ip have all been advanced as the dominant physical factors that
dihedral angle being 789or —62.4, respectively). Three determine these preferenc€slt has been shown for amino
orientations of this dihedral angle are given by the index 1, 2 acidg” that restriction of side chain motion is enthalpically
or 3. They are not related with the particular value of the dihedral favorable. This is because the hindered rotation will be on
angle G—C,—N-—Ip but correspond to increasing relative average closer to the bottom of the potential energy well. On
energies. the other hand, the restricting of internal rotations is unfavorable

Finally, there is one more dihedral angle, defining the position in terms of Gibbs energy and entropy, as a smaller range of
of the G,—Cg axis with respect to the phenyl ring. For all dihedral angles can be samptd.
conformers, this axis was found to be very close to the plane Table 3 presents the calculated relative zero-point-corrected
perpendicular to the plane of the phenyl ring (Table 1). All energies, Gibbs free energies and abundances (at the sublimation
attempts to optimize a conformer where the-C; axis would temperature used in this study and 298.15 K) of the most stable
be coplanar with the phenyl ring failed. Preferential perpen- conformers of phenylalanine.
dicular constraint of the £-Cg axis with respect to the phenyl It is clear from Table 3 that the zero-point-corrected relative
ring has been confirmed experimentally by ENDOR spectros- energies do not follow the order of Gibbs free energies at 423.15
copy of spin-labeledL-phenylalaning? The value of the K. Thus, it is then evident that entropy effects are important
Cy—Cs—C,—(ring) dihedral angle for all conformers calculated for the thermochemistry of Phe and should be taken into account
in this study falls into a narrow and specific region of angles when determining the relative abundances of the various
(deviation of+14° from perpendicular). Interestingly, the same conformers of this compound in experiment. However, contrary
region of this angle is dominantly populated and characteristic to the alaniné? the observed differences in the order of the
of the phenylalanine residues in proteffis®® Thus, the dihedral ~ zero-point-corrected energies and Gibbs free energies cannot
angle G—Cs—C,—(ring) was found to be uniform in all  be explained solely by the entropic cost associated with
conformations and for this reason is not included in the formation of H-bonds. Restriction of internal rotation in general
conformers’ names. is important in phenylalanine. For instance, conformersat

All conformers of type IV were found to have high relative llb, have the same type of intramolecular hydrogen bond, but
energies. The most important low energy conformers belong to the latter is entropically favored in relation to the former (see
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Ia (0.2) Ib; (0.5)

LELEL

a; 3.7) 1Ib; (4.2) 11b, (4.5) 1Ic; (4.7) 11bs (5.0) 1Ic; (9.0)
1b, (7.1) 1M, (7.2) 111, (7.9) 11, (8.0) 11Tb; (9.4)

Figure 1. Optimized [B3LYP/6-31%+G(d,p)] geometries of the most stable conformers of Phe. The values of the zero-point-corrected energy

relative to the most-stable conformer (in kJ miplare given in the parentheses.

Table 3). Indeed, in conformer Hpbthe NH group is hovering
over the phenyl ring. Thus, internal rotation of the amino group
can be considered as internally hindered in this conformer. On
the other hand, in conformer Hpbthe amino group does not
experience any steric constraint due to interactions with the ring.
Conformer Ik is enthalpically favored at 0 K, but the greater
flexibility inherent of conformer Ilb makes this form to be
favored by entropy. At 423.15 K, conformer {lbas a Gibbs
free energy 2.7 kJ mot higher than conformer Ity despite
having an enthalpy 0.7 kJ mdl lower than this form. The
entropic cost{ TASa—1p = —3.4 kJ mof ! at 423.15 K) resulting
from the larger steric hindrance in conformer jlllvhen
compared with llb leads to a positive value &G (Ilb;—11by).

A similar, however not so prominent, effect is observed for
conformers of type |. Conformer la is enthalpically favored at
423 K by 0.2 kJ mot? relative to conformer Ip However, the
higher internal flexibility of this latter form leads to its

comparing the other two groups of conformers (Il and 1l1). In
both cases, a-type conformers (i.e.; Bad llla) are destabilized

by entropy relative to either b- or c-type conformers, because
in the a-type forms the steric interactions involve alwhph
amino/phenyl and carboxyl/phenyl interactions, whereas in
b-type and c-type conformers only amino/phenyl or carboxyl/
phenyl interactions, respectively, may be present. Two additional
conclusions can be extracted by comparing the relative stabiliza-
tion of b- and c-type conformers relative to a-forms in groups
Il and Il (see Table 3 and also Figure 1): (i) in cases where
the amino hydrogen atom(s) point to the phenyl ring, the
carboxyl/phenyl interaction is entropically less destabilizing (i.e.,
it gives less rigidity to the molecule and, thus, is weaker) than
the amino/phenyl interaction (note, for instance, the entropy
stabilization of llg and Il when compared with those of Hb
and Il relative to 11a); (i) on the other hand, when the lone
electron pair of the nitrogen points toward the phenyl ring and

stabilization and makes it the most stable conformer. Thesethe amino hydrogens are far away from it, the entropic
conclusions are in consonance with the previously proposed stabilization is maximized, as noticed by the lafigeS values
relevance of the daisy-chain sequence of interactions betweencalculated for Il and Ilib; (Table 3; see also Figure 1), which

aromatics-electrons, the amino group and the carboxylic OH
group in aromatic amino acidsln the case of conformer la,
where the amino group “hovers” above the ring plane, this daisy-
chain is stronger than for thejform, where the carboxylic
group is too far to interact with the—electrons. Therefore,
the interaction between the carboxylic moiety and the ring is
responsible for the entropic destabilization of form la relative
to Ib;. The effect is, naturally, more prominent at higher
temperatures (see Table 3).

The importance of the interactions involving the amino or
carboxylic group and the phenyl ring as contributors to reduce
the entropy of a given conformer can also be noticed by

indicates that in this case the amino/phenyl interaction imposes
a comparatively much lower important rigidity on the molecule.
The effects of different hydrogen bond strengths on the
entropy of the different conformers can be analyzed better by
comparing conformers where the steric, daisy-chain, effects can
be expected to be almost identical. Hence, both conformer lla
and lllag; shall be compared with la, whereas forms; |dind
lllb; shall be compared with {b Note that in this case, Itb
and lllb; are not directly comparable with jpbecause they
have different daisy-chain interactions, as mentioned above. In
addition, comparison for c-type conformers is also not illustra-
tive, because in this case the ©HN bond is much weaker than
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TABLE 3: Relative Zero-Point Energies (AEco/kJ mol=1),
Enthalpies (AH4,dkJ mol~1), Entropic Contributions
(TAS424kJ mol~1), Gibbs Free Energies AG/kJ mol~1) and
Abundances of the Most Stable Phe Conformers Calculated

on the Basis ofAG values (%)

conforme? AEcon® AHgf

TASF AGnf

AGod Youof

Yosoan  Vopoe?

Ibs
la
llay
IIby
IIb,
llcy
IIbs
by
lllay
Ilib,
llicy
llc,
llibs
llay

aB3LYP/6-31H-+G(d,p);

15.7
19.7

0.0
-0.2
4.7
5.4
6.1
6.0
6.2
8.2
8.0
9.3
9.3
10.3
11.1
12.3
12.7
14.6
13.1
14.4
14.8
17.2
21.4

0.0
2.2

—2.2
-3.2
—6.6
-5.9
—3.2
—3.8
-1.7
—4.5
—4.1
—4.7

all

11.6
16.2

13.2
17.6

14.3
8.1

structures haveC,

14.3
8.1
6.9
7.7

28.9
13.8

0o
41
2l
37
3
29
0o
o7
05
o8
05
oM
05
(0li3)
om

25.1
14.4
7.0
7.3

14.5

symmetry.

b Ecor = —554.773343 hartree for conformenl H, SandG values
calculated at 423.15 K33 = —554.834106 an#l3= —554.751204
hartree for conformer ). ¢ G values calculated at 298.15 Kofgs =
—554.811392 hartree for conformer;)b® Abundance of conformers
at 423.15 K. Abundance of conformers at 423.15 K including expected
interconversion of conformers, Yb— llb, and llib; — llb,. 9 Abun-
dance of conformers at 298.15 KNot identified experimentally.

for b- and a-type conformers as revealed by its longerN
bond length and smallétO—H---N angle, calculated as 1.959
A and 122.9, respectively. Conformers of types Il and Ill have
hydrogen bonds of a different kind that are, in both cases,
weaker than in conformers of typeAE.q values for conform-
ers of types Il and Ill relative to directly comparable conformers the others. Thus, the possibility of conversion between forms
of type | show that the intramolecular H-bonds in these two of types Il and Il into a conformer belonging to group | both

J. Phys. Chem. A, Vol. 110, No. 7, 200B365

types of conformers are weaker than in forms | by-345 and
6.5—-7.5 kJ mot?, respectively (Table 3). [Conformer Hds

an exception, having a much higher relative energy than
expected (approximately double; 9 kJ myl This is due to

the presence of H-H repulsions between the NHind CH
hydrogen atoms, which are face-to-face and close to each other
in this form.] Accordingly, both conformer types, i.e., Il and
[, are favored by entropy relative to type | where the relative
TASyp3values are in the range £3.5 kJ mot (see Table 3).

Because all conformers have the same degeneracy, their
abundance in the equilibrium gaseous phase follows the order
of Gibbs free energies. There are eight structures, (I, lic,,
la, llby, llas, llbs, lllbs) with abundances exceeding 5% at
423.15 K, whereas the remaining conformers have abundances
below 4%. On the other hand, as already mentioned, the
abundance of conformers in a low-temperature matrix may
change because of conformer interconversion either during
deposition of the matrix or in the matrix itself, depending on
the energy barriers separating the conformers. In a supersonic
jet, a value of ca. 5 kJ mol was proposed for the maximum
barrier, allowing relaxation to a lower-energy conformer after
expansion from room temperatufdn matrixes, conformational
cooling has been demonstrated to occur in glycine, sarcosine
and other related-substituted carbonyl compounds possessing
barriers to intramolecular rotation of only a few kJ rmiof519.49.50
Therefore, the conformational interconversion barriers between
the relevant conformers of phenylalanine (in particular those
conformers whose geometries differ essentially by the value of
one torsion angle) were calculated to evaluate the possibility
of this phenomenon to take place also in this molecule. The
computed interconversion energy barriers are presented in Table

&

As expected, the conformational barriers involving-disins
rotation of the carboxylic group (42.4 and 49.6 kJ midlior
conversion of Il into Ib;) are considerably higher than all

TABLE 4: Theoretical Values of Conformational Interconversion Barriers for Selected Conformers of Phe (kJ mott)ab

b, la b, llay 1lb1 11bs llcy Ilbs b1 Illay b, Ilc, llc, Ibs

by 0.5 49.5

56.7
la 16.5
Ib, 0.03 16.3
llag 19.6 18.6 13.0

16.3
by 55 12.2 11.8 16.6
19.2
Ibz 18.9 5.20 10.0 15 7.1
11.0

licy 17.6 9.7 11.7 10.0
lIbs 11.4 0.9 8.9

10.6
by 42.0 6.8 10.1 6.7

49.6 8.5
Illay 9.6 20.2
12.9
b, 8.1 9.3 9.1
154
lllcy 8.4 19.4
llc, 11.8 5.7
llibs 2.2 4.3 7.5
6.1

a Calculations done at the B3LYP/6-3t%+G(d,p) level using the STQN method (QST2 or QST3). Values given include the zero-point correction
to energy. The conformers in lines and columns denote reactants and products, respectively. When two different pathways are possible, both values

are given Barriers involved in the cistrans rotation of the carboxylic group are not included, apart from the-ithy barrier, which is given for
comparison.
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during deposition of the matrixes and in the matrixes can be licq
safely excluded. The barriers for internal rotation around the 5
Cy«—Cg bond (changes between conformers a, b, c) are in the

10-20 kJ moft? range; therefore they cannot be overcome 0- -

either. On the other hand, lower values were obtained for the B b,
barriers connected with rotation aroung-€_; (interconversion
between conformers of types Il and Ill) and,-€N bonds
(interconversion between conformers of types 1, 2 and 3), which
are usually in the #13 and 5-12 kJ mof ranges, respectively.
Notably, only two barriers were found to be very low: 0.9 and
2.2 kJ mot?, for conversion of Ilg and Illbs, respectively, into
lIb,. These barriers are low enough to be surpassed during
matrix deposition, resulting in relaxation of both conformers
(Ilbz and lllbg) into Ilby.

Another important remark that should be done here is
connected with the Wbstructure. Although this structure is
formally a minimum on the potential energy surface (justifying
its consideration in the discussion of geometries), it cannot ini

I1b4

"31

fact be treated as an independent state even at 0 K. Indee
accordingly to the calculations, the energy barrier for conversion
of this structure into the most stable conformen)|®.03 kJ
mol~?1, stays below the zero-point vibrational level of the
coordinate {yn,) associated with this transformation (see Table
4). In any case, even with such a low barrier to conversion, calc
existence of a double minimum ¢kand I) would imply 107
degeneracy in the vibrational levels. However, because harmoni
frequency calculations cannot handle this kind of systems at
all, it is not possible to predict the effects of the energy levels
degeneracy on the absorption cross sections. In the absence p
a full treatment, any quantitative consideration of such effects
would be arbitrary. A possibility would be to add the population ‘ . . : : ‘ '
from Iby to Ib; in the same way as I§xcontributed to 1lb. To 500 600 700 800 900 1000 1100 1200
test this hypothesis, we compared the experimental spectra with Wavenumber (cm™)

two different simulated abundance-weighted spectra. In one of Figure 2. Comparison of the FT-IR spectrum of matrix-isolated Phe
them, the abundance of Conformgrz llvas add?d to the (exp) with the computed spectra [B3LYP/6-321G(d,p)] of the six
abundance of the conformerilland, in the other, itvas not identified conformers (lb-llc;) and their sum spectrum (calc) in the
The aggrement is better in the latter case, suggesting that500-1250 cm! range. Theoretical intensities were scaled by the
existence of the “extra” minimum does not lead to strong computed abundance of the given conformer (Table 3346
changes in the absorption cross sections. An alternative explanaalculated wavenumbers were scaled by the factor of 0.98.

tion is co_nforrner Ib being just an arnfgct of the computations. conformational cooling during deposition of the matrix

3.3. Vibrational Spectrum of Matrix-Isolated Phe. The (Ilbg — llb, and lllb; — llby). The significant increase of
FT-IR spectrum of matrix-isolated Phe is given in Figuresi2 opulation of conformer lipresulting from relaxation of higher
and its detailed assignment, based on calculated PED of normaknergy forms predicted by calculations was in a good cor-
modes, is provided in the Supporting Information (Tables 1S respondence with the experimental data.

and 2S). It is worthwhile to make here a brief comment regarding the
Due to the conformational flexibility of Phe, broad and nonidentification in the experimental spectra of bands due to
superimposed bands are observed in the experimental spectruntype 11l conformers. From Table 3 it can be seen that the sum
Nevertheless, the spectrum could be nicely fitted by theoretically of populations due to all forms Ill (excluding Ili4pis estimated
predicted spectrum obtained by summing the population weightedas equal to ca. 15% of total population, at the relevant
calculated spectra of the six lowest-energy conformers, namelytemperature. Fifteen percent is not so negligible with respect
la, Ib, llay, llby, Ilbz and llg. The comparison of the experi-  to 61.4% (overall population of forms of type Il) and certainly
mental and calculated spectra could then be used to makenot relative to 23.4% (all forms of type 1). However, in the most
tentative assignment of bands to individual conformers (Tables relevant spectral regions (e.g., OH=0 and C-O stretching
1S and 2S). It is important to stress that the presented assignmenand COH bending regions), conformers of type Il were
has to be treated as tentative due to similarities in the spectrapredicted to absorb nearly at the same frequency as type I
of conformers belonging to the same type from the point of conformers. Their contribution to the relevant spectral features
view of orientation of the amino acid group in respect to the is then largely minoritary (specially when peak intensities are
ring, i.e., types | or Il. Nevertheless, the existence of these two taken into consideration) and taking also into account that the
types of conformations as well as the estimation of their total intensity of a given vibration due these type of conformers
respective total abundances could be done on the basis of thenust also distribute itself by different (though similar) frequen-
obtained spectra, as indicated below. On the other hand, putativecies, it is easy to understand why no bands could be ascribed
features ascribable to other low-energy conformers could notto type Ill conformers. On the other hand, type | conformers
be identified owing to low abundance (for }ldllb1, Illas, lllb, have substantially different vibrational signatures in the most
and llic;, see also Table 3) or, as already mentioned, due to characteristic spectral regions when compared to both type Il
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Figure 3. Comparison of the FT-IR spectrum of matrix-isolated Phe
(exp) with the computed spectra [B3LYP/6-383G(d,p)] of the six
identified conformers (Ib-llc,) and their sum spectrum (calc) in the
1250-1850 cn1! range. Asterisks denote bands related to monomeric
water vibration$! Theoretical intensities were scaled by the computed
abundance of the given conformer (Table 34.949. Calculated
wavenumbers were scaled by the factor of 0.98.

Wavenumber (cm™)

Figure 4. Comparison of the FT-IR spectrum of matrix-isolated Phe
(exp) with the computed spectra [B3LYP/6-321G(d,p)] of the six
identified conformers (Ib-llc;) and their sum spectrum (calc) in the
2800-3700 cnt?! range. Theoretical intensities were scaled by the
computed abundance of the given conformer (Table 3g346
Calculated wavenumbers were scaled by the factor of 0.98.

and 1l forms, which could be easily identified in the experi- rationalized in terms of conformer-dependent aggregation of Phe
mental spectrum. in the matrix. This phenomenon has already been previously
Note also that the accuracy of the calculations in predicting observed foN,N-dimethylglycine?®
vibrational shifts with conformation is an important elementto = C—0O and G-N Stretching and €0—H Bending Region.
take into account in the interpretation of the experimental data Frequencies of the €0 stretching vibration are significantly
made in this work. Accumulated experience clearly demonstratesdifferent for the carboxylic group in the trans (I) and cis (I,
that for the type of molecule under analysis, the level of theory 1ll) arrangements; higher wavenumbers and lower intensity are
used to compute the vibrational spectra is accurate enough toexpected for this absorption for the carboxylic group in cis
be applied successfully:20.52-54 conformation. Therefore, the presence of multiple bands in the
Taking into consideration the great complexity of the system 1060-1160 cnt! range (see Figure 2) proves that several
under study, the overall agreement of the experimental and conformers of type Il are present in the matrix (from the
theoretical sum-spectra can be considered good. The cor-experimental data, forms of type Ill cannot be ruled out but, as
respondence is comparatively worse in the higher wavenumbermentioned above, they must be in a very minor amount and, in

range (3106-3600 cnt?), for bands associated with the-®l practical terms, could not be identified). The qualitative agree-
and N-H stretching vibrations, owing to the higher anharmo- ment of the theoretical and experimental spectra allows for, at
nicity of these vibrations. least tentative, assignment of the bands to different conformers

To further assist in band assignment and identification of the of type Il (see Table 2S).
conformers present in the matrix, annealing experiments were The set of several superimposed bands with seven main
undertaken. Annealing of the matrix to higher temperatures (until intensity maxima at 1101, 1103, 1109 (shoulder), 1120, 1122,
33 K) resulted in the nonequivalent decrease of signal intensity 1125 (shoulder) and 1128 (shoulder) This observed in this
of nearly all bands assigned to monomeric Phe and increase ofrange. In the same spectral region, computations predict six
low-intensity absorbances ascribable to aggregates of thestrong absorptions related to vibrations of the four lowest-energy
compound. The different pattern of variation of band intensities conformers of type Il (Il llbs, 11b,, llc1). Annealing brings a
observed for the features due to monomeric species can beslight increase of the intensity of the band at 1120 &t 24
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Figure 5. Comparison of the Phe spectra obtained immediately after
deposition at 12 K (solid line) with the spectra of Phe matrix annealed
to 24 and 27 K (dashed and dotted line, respectively) in the 060
1160 cm? range.

K followed by its decrease at 27 K, whereas all the remaining
absorptions continuously decrease in intensity with temperature
though at different rates (Figure 5).

The observed decrease in intensity with temperature is thesions can be made:

most prominent in the case of the group of bands in the £122
1128 cnt! range, less significant for the band at 11037ém
and even weaker for the bands at 1101, 1109 and 1126.cm

Figure 6. Comparison of the Phe spectra obtained immediately after
deposition at 12 K (solid line) with the spectra of Phe matrix annealed
to 24 and 27 K (dashed and dotted line, respectively) in the 700
1830 cn! range.

nostic, in the Phe case they are strongly superimposed (see

'Figure 3), which complicates their assignment to each con-

former. Despite being tentative, the following general conclu-
(i) the(C=0) absorptions due to
conformers of type Il are observed at lower wavenumbers than
the bands originating from type | conformers, due to the
involvement of the &0 group in intramolecular hydrogen

This qualitative description (quantitative measurements cannotbonding in the conformers of the former type; (ii) however,
be made because of strong band overlap) along with the resultshecause the differences between the obser¢@eg-0) frequen-

of the calculations allows us to explain the observations and

cies in conformers of type Il and | are small, these H-bonds are

assign the bands. Therefore, the absorbances showing thaveak, pointing once again to the importance of other factors
smallest decrease in intensity are related to the conformers in(as steric factors mentioned above) in determining the relative

this group that have stronger intramolecular H-bond interactions,

i.e., llay and llby, which should show the weaker ability to
aggregate. Therefore, the band at 1101 tis assigned to the
mixed v(C—N)/»(C—0O) stretching vibration of conformer
llby (calc: 1095 cm?), the absorption at 1109 crhto the
v(C—0)/6(C—0—H) mode of lla (calc: 1097 cm?') and the
band at 1120 cmt to the highly delocalized vibration of Iib
containing contributions from(C—0), 6(C—0O—H) anda-hy-
drogen (K) bending internal coordinates (calc: 1121 dn
The latter band should also have a minor contribution from the
band of lla predicted at 1120 cnt [predominantly
0(N—C—H) andd(C10—Cs—Heg)]. On the other hand, the band
at 1103 cm! and the shoulder at 1128 cican be correlated
with the vibrations of conformer Itbcalculated at 1097 cnt
[mainly »(C—0)] and 1123 cm! [»(C—N)], respectively.
Finally, conformer llg, which has a significantly weaker

energy of the conformers; (iii) the tendency of conformers to
aggregate increases in the order:1lfa llb; < llb; =~ la =

Iby < llcy (cf. Figure 6). Aggregation results in increase, upon
annealing of the sample, of the very broad band centered at ca.
1719 cmL.

O—H and N-H Stretching Regionin the 3106-3600 cnt?
range (see Figure 4) the bands due tekDand N-H stretching
vibrations are observed. As mentioned above, the anharmonicity
of these vibrations results in the worse agreement of the
experimental and calculated spectra in this range.

The N-H stretching modes are seen in the spectra as two
broad bands of quite low intensity, centered-&340 and 3410
cm~L. The absorptions associated with the-B stretchings of
type | conformers are observed at lower wavenumbers than in
type Il forms, due to the participation of the-® group in the
O—H:---N H-bond. The broad band centereche8178 cnt is

intramolecular H-bond (see Table 2), should tend to associatethen assigned to the(O—H) vibrations of conformers land
more easily and, accordingly, the bands it originates correspond|a [calc.: 3388 cm?! (la) and 3409 cm! (Ib;)]. On the other
to those that decrease more after annealing. In this spectral rangehand, the calculations predicted the bands associated with free

there are two bands, at 1122 and 1225 &mvhich strongly

O—H stretches in llg, llby, lla; and llb, forms at 3665, 3673,

decline after annealing. At the highest temperatures reached,3678 and 3679 cni, respectively, which are ascribed to four

these two bands merge into a single band at 1124'cfrhus,
they were assigned to th€C—0)/6(C—0O—H) site-split absorp-
tion of llcs.

C=0 Stretching Regiorhe bands at 1768 [calc: 1764 cin
(llcy)], 1770 [calc: 1768 cmt (1lby)], 1775 [calc: 1774 cmt
(llay)], 1778 [shoulder, calc: 1778 crh (llby)], 1789 [calc:
1791 cm! (la)] and 1793 [shoulder, calc: 1799 cin(lby)]
cm! are assigned to nearly unperturbed=Q stretching
vibrations. Although usually(C=0) bands are highly diag-

partially superimposed bands at 3557 ¢rfllc; and Ilkp), 3559
cmt (lla;) and 3562, 3567 cnt (llby) in the experimental
spectrum, as discussed in detail below. Note that the bands
associated with the ©H stretching vibrations were observed
at nearly the same wavenumbers in the spectrum of monomeric
serine?” For that compound, the conformer with the free i©
group was shown to give rise to a band at 3567 5mhereas

the O-H stretching in the conformers bearing the-B---N
hydrogen bond were considered to give rise to the very broad


http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jp0550715&iName=master.img-007.png&w=239&h=192
http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jp0550715&iName=master.img-008.png&w=239&h=194

Conformational Equilibrium of Phenylalanine

S

I
2
N~
10
I
®

-
S
o
Ty
Ty
%

0.05 -

Absorbance

0.00 <
3530

3550 3560 3570 3580

Wavenumber (cm™)

3540

Figure 7. Comparison of the Phe spectra obtained immediately after
deposition at 12 K (solid line) with the spectra of Phe matrix annealed
to 24 and 27 K (dashed and dotted line, respectively) in the 3530
3590 cn1? range.

band at ca. 3170 cm.?” Similar results were also previously
reported for aliphatic amino acids such as, for example,
glycinel” alaniné? and valine?*
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vapor phase, nine major absorptions of phenethylamine are
observed at 3037 (m), 2943 (s), 2860 (m), 1613 (m), 1500 (m),
1454 (m), 1075 (m), 744 (s) and 699 8)However, in the
spectrum of the irradiated Phe matrix, the majority of bands at
such wavenumbers should be strongly overlapped with the Phe
absorptions (namely bands at 3037, 1613, 1500, 1454, 744 and
699 cntl). Therefore, only two new absorptions that can be
assigned to phenethylamine vibrations are observed, at 748 and
2945 cnrl, in the spectrum of the irradiated matrix. Definitive
identification of phenethylamine as photoproduct of decarbox-
ylation of matrix-isolated Phe should still deserve further
attention in the future. However, the fact that the UV-stimulated
decarboxylation of matrix-isolated serine, under similar experi-
mental conditions, has been found to yield ethanolarfiine,
strongly reinforces the proposed interpretation.

4. Conclusions

The IR spectrum of Phe isolated in low-temperature solid
argon was obtained for the first time. The conformational
behavior of the compound isolated in the matrix was studied
on the basis of annealing experiments for the matrix-isolated
substance, supported by B3LYP/6-311G(d,p) calculations.

Eight conformers with abundances higher than 5% were
predicted by the calculations to exist at the temperature of
sublimation of the compound (423.15 K) {Jlba, llay, 11bs, IIby,

As a result of annealing of the matrix, the bands assigned to lIC1, llbs and Ilibs, cf., Figure 1). However, no bands associated

the »(O—H) stretching mode of conformers of type Il show a

with conformers llg and Illb; were observed in the experimental

clear distinct pattern of variation. The bands at 3557, 3559 and Spectrum, indicating that these two conformers relax to a more
3562 cnt! decrease in intensity, whereas the band centered atstable form during deposition of the matrix. This result is

3567 cnt! increases to 27 K (cf., Figure 7). On the basis of
the calculations, the intense feature at 3557 tmay be
attributed to both forms Itband lig (calc: 3673 and 3665 cm,
respectively), which is in consonance with the significant

consistent with the low predicted energy barriers for the
llbs — llb, (0.92 kJ mot?) and Illib; — b, (2.16 kJ mot?)
conversions.

The lowest-energy conformers of Phe;(#md la) differ only

decrease in intensity observed for this band upon annealing.in the arrangement of the amino acid group with respect to the

The assignment of the bands at 3559 and 3562 and 3568 cm
is more tentative. The first is assigned to conformer (talc:

phenyl ring and are stabilized by a relatively strong®--N
intramolecular hydrogen bond, while destabilized by the trans

3678 cn1l) because it decreases in intensity less than the bandconformation of the carboxylic group. The strong-8--*N

at 3557 cml. Additionally, the fact that the center of the band
shifts after annealing (t6-3559 cnt?), suggests that this band
might be just one component of a site-split feature originating
from the O-H group of lla whose additional components are
buried within the complex profile observed in this spectral
region. The bands observed at 3562 and 3567'@re assigned

to conformer llh. Both absorptions shift after annealingX
cm! toward higher and lower wavenumbers, respectively) and,
additionally, one of them (3568 cr¥ significantly increases

bond in conformers of type | provides their enthalpic stabiliza-
tion relative to type Il conformers, which bear the much weaker
N—H---O(=C) hydrogen bond. However, entropic factors
associated with H-bond strengths and steric hindrance point to
the opposite direction, decreasing the relative abundances of
forms la and Ib at higher temperatures. Indeed, the obtained
results show that entropy effects may be essential to determine
the relative abundance of different amino acid conformers
having close energies and different steric hindrance or intramo-

its intensity while the other declines. Therefore, these two bandslecular H-bond strengths.

shall originate in molecules of conformer jlbccupying matrix

The photolysis of Phe upon UV irradiation resulted in

sites where the corresponding OH moieties interact in a different decarboxylation of the compound, probably bringing pheneth-

way with the matrix. Annealing of the matrix promotes one of

them at the expense of the other. Finally, the broad band at

3544 cnmt, which continuously grows upon annealing, is, with
all probability, due to aggregates of the compound.
3.4. Photolysis of Matrix-Isolated Phe.Upon photolysis

ylamine as the accompanying product of this reaction.
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absorptions due to the compound. The antisymmetric stretchingsupported by the Portuguese Furiitagara a Ciacia e a
vibration of carbon dioxide, at~2340 cnt?!, is strongly Tecnologia (Grants FCT #SFRH/BPD/17081/2004, SFRH/BPD/
broadened, suggesting that the photoproduced @@s not 1661/2000, POCTI/QUI/58937/2005 and POCTI/QUI/59019/
diffuse out of the cage but rather is associated with the other 2005, also supported by FEDER).
photoproduct(s).

Phenethylamine appears as the most plausible species pro- Supporting Information Available: Tables giving the
duced upon decarboxylation of Phe, together with,A® the definition of the internal coordinates used in the normal mode
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analysis of Phe and assignments of the experimental spectrum (33) Linder, R.; Nispel, M.; Hier, T.; Kleinermanns, Kkl -

of Phe in an Ar matrix. This material is available free of charge
via the Internet at http://pubs.acs.org.
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