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Abstract: The jet-cooled rotational spectrum of neutral alanine has been studied using laser-ablation
molecular-beam Fourier transform microwave spectroscopy (LA-MB-FTMW). The spectra of the two most
stable forms were observed in the frequency range 6—18 GHz for the parent, 1°N alanine, three single 3C
species, and four single D species. The N nuclear quadrupole coupling hyperfine structures have been
resolved, and their comparison with those calculated theoretically confirms unambiguously the conformer
assignments. The independent structures of both conformers have been determined experimentally for
the first time using rs and rp procedures. In both cases, the amino acid backbone is nonplanar. For the
most stable conformer |, the COOH group adopts a cis configuration and an asymmetric bifurcated hydrogen
bond is formed between the amino group and carbonyl oxygen ((N—Ha*+:O=C) = 2.70(2) A and (N—Hy-
--O=C) = 2.88(2) A). For conformer Ila, the COOH group adopts a trans configuration and is stabilized by
a O—H---N hydrogen bond ({O—H---N) = 1.96(2) A). The relative conformer abundances in the supersonic
expansion have also been investigated.

I. Introduction rotational spectrum has strengthened the thesis that interstellar

The study of amino acids @M—CH(R)—COOH) under organic molecules could have played a pivotal role in the
isolation conditions in gas phase is of great chemical relevanceprebiotic chemistry of early Earth.
in connection with their biochemical rdland the origin of life2 The experimental studies of gas-phase amino acids have been
The function of amino acids depends strongly on their structure hindered by their high melting points and associated low vapor
and its changes during biological processes. Since solid orpressures which, combined with a low thermal stability, makes
diluted amino acids are involved in a great number of many of these compounds decompose before melting. In fact,
intermolecular interactions that result in ionized zwitterionic the use of thermal heating only allowed the rotational study of
structures tH3N—CH(R)—COOQO"), the isolated gas-phase neu- the natural amino acids of glycihémp 240°C) and alanin&
tral amino acids represent the best approximation to understandmp 315°C). Fortunately, laser desorptibhas proven to be a
the inherent properties of these protein building blocks. suitable way to overcome this problem and since the first

Amino acids are very flexible molecules, and their confor- experiment¥is being applied successfully in combination with
mational landscape is characterized by a delicate balance oflaser spectroscopy techniques to the study of neutral molecules
covalent and noncovalent interactions (especially hydrogen
bonding), which may result in a large number of low-energy (4) Lesarri, A; Mata, S.; Cocinero, E. J.; Blanco, S'pka, J. C.; Alonso, J.

. . L. Angew. Chem., Int. EQ002 41, 4673.

conformers. The ‘use F)f supersonic felx)nstltuted a great (5) Lesarri, A.; Cocinero, E. J.; lpez, J. C.; Alonso, J. LAngew. Chem., Int
progress for the isolation and detection of these conformers. ©) (EaC; iggﬁ,l\}.%?lgharn|ey, S. B.. Huang, H.-C.; Tseng, W.-L.; Kisiel, Z.
The study of the gas-phase rotational spectra of these jet-cooled " Astrophys. J2003 593 848-867. (b) Hollis, J. M.; Pedelty, J. A.; Snyder,
amino acids provides detailed structural information for each 'gég-éégvr"gglgp- R.; Lovas, F. J.; Paimer, P.; Liu, S.Astrophys. J2003
of the individual conformations with significant populations in  (7) (a) Brown, R. D.; Godfrey, P. D.: Storey, J. W. V.; Bassez, MI.-Chem.

i i i iz ati Soc., Chem Commuth978 547. (b) Suenram, R. D.; Lovas, F. J.Mol.
the adiabatic expansion and allows the characterization of the Spectrosclo78 72 372. (c) Suenram. R. D.: Lovas, F.1I.Am. Chem.

intramolecular interactions that stabilize each conforfitdn Soc.198Q 102 7180. (d) Lovas, F. J.; Kawashima, Y.; Grabow, J.-U.;
i ; ; : : : Suenram, R. D.; Fraser, G. T.; Hirota, Astrophys. J1995 455 L201.
ad.dmop, the |nvest|gat|op of the rotatloqal spgctra of amino (©) Godfrey, P. D.: Brown. R. D). Am. Chem. Sod995 117 2019. (f)
acids is of enormous interest for their radioastronomical McGlone, S. J.; Elmes, P. S.; Brown, R. D.; Godfrey, PJDVol. Struct.
; i ; ; ; 1999 485 225.
detection. The recent discovery of interstellar gly€ifrem its (8) Godfrey, P. D.: Firth, S.. Hatherley, L. D.; Brown, R. D.: Pierlot, AJP.
Am. Chem. Socd993 115 9687.

(1) (a) Creighton, T. EProtein Structure and Molecular Propertie§ree- (9) (a) Laser Ablation of Molecular Substrates special issue. Georgiou, S.,
man: New York, 1993. (b) Branden, C.; Toozelntroduction to Protein Hillenkamp, F., Eds.Chem. Re. 2003 103 (2), 317-644. (b) Laser
Structure Garland: New York, 1991. Ablation and Desorption. IExperimental Methods in the Physical Sciences

(2) (b) Engel, M. H.; Macko, S. ANature1997 389, 265. (b) Snyder, L. E. Miller, J. C., Haglund, R. F., Eds.; Academic Press: San Diego, CA, 1998;
Origins Life Evol. Biospherel997 27, 115-133. Vol. 30.

(3) (a) Levy, D. H.Annu. Re. Phys. Chem198Q 31, 197. (b) Levy, D. H. (10) (a) Cable, J. R.; Tuberger, M. J.; Levy, D. H.Am. Chem. Sod.987,
Sciencel981, 214, 263-269. (c) T. S. Zwier)J. Phys. Chem. 2001, 105 109 6198. (b) Cable, J. R.; Tuberger, M. J.; Levy, D. H.Am. Chem.
8827. (d) Robertson, E. G.; Simons, JAPhys. Chem. Chem. PhyZ001, S0c.1988 110, 7349. (c) Cable, J. R.; Tuberger, M. J.; Levy, D.Fdraday
3,1 Discuss. Chem. So&988 86, 143.
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of biological interest! We have developed a spectrometer that
combines laser ablation of organic solid samples with microwave
spectroscopy in a supersonic }étThis technique, known as
laser-ablation molecular-beam fourier transform microwave
spectroscopy, LA-MB-FTMW, has been applied successfully
to other amino acids, such as proftrienp 228°C) and valiné
(mp 295-300 °C), which were observed in the gas phase for
the first time in our laboratory, and to several organic solids
such as 1,3,5-trithiad@ and thioured® For proline? two
conformers with a N-H—0O intramolecular hydrogen bond were
found, while for valine® two conformers with N-H+--O=C and
N---H—O intramolecular hydrogen bonds were found.

Glycine and alanine are the simplest naturedmino acids, _
and they were the first neutral amino acids to be studied in gas
phase by their rotational spectrum. The conformational land-
scape and structure of glycine is now well understood thanks
to a sustained experimentalnd theoretical work® However,

Fhe wqu done on a_llanine is much more I_imited, ano_l a r_evisiqn Conformer lla Conformer llb
is advisable. The first experimental studies of alanine in solid
phasé® revealed a zwitterionic form (as evidenced by the small
difference between the two carbeaxygen distances and the
positions of the H atoms in the ammonium group). A free-jet
rotational study conducted in the millimeter-wave region by
Godfrey et aP established the main conformational features of
the neutral molecule in gas phase and verified the existence of
two alanine conformers and their relative abundances in the
supersonic jet. Up to 13 possible conformers were predicted
from ab initio computation&!"18Those with the lowest energy Conformer llla Conformer llib
are shown in Figure 1. The two conformers observed experi- Figure 1. Lowest-energy conformers of alanine.
mentally by Godfrey are denoted as conformers | and lla.
Conformer | exhibits an intramolecular hydrogen bond between of the carboxylic and amino groups can give rise to a second
the oxygen atom of the carbonyl group and the hydrogen atomsconformer with an intramolecular hydrogen bond of the type
of the amino group (NH-O=C). In conformer lla, an intramo-  N-+-HO, which is denoted as conformer llb. A third type of
lecular hydrogen bond is established between the hydrogen atonintramolecular hydrogen bond, denoted as lll, can be formed
of the hydroxyl group and the N atom of the amino group between the amino group and the oxygen atom of the carboxyl
(N---HO). A large amplitude motion associated to small torsions group (NH--O—H) and gives rise to conformers llla and Ilib.
(11) (a) Nir, E.; Kleinermanns, K.; de Vries, M. Sature200Q 408 949. (b) This third type of hydrern bond has not yet been observed in
Cohen, R.; Brauer, B.; Nir, E.; Grace, L.; De Vries, M.I5Phys. Chem. the gas phase.
o e S o000 425 40, (0 Pz Fo oioe 1T There are several motivations to investigate the rotational
Mons, M.; Tardivel, B.; Zhao, QChem. Phys. Let200Q 320, 282. (e) spectra of alanine. First, the rotational work of Godfreyas
Snoek, L. C.; Kroener, R. T.; Hockridge, M. R.; Simons, JPRys. Chem. . s .
Chem. Phys2001, 3, 1819. (f) Grace, L. I.; Cohen, R.. Dunn, T. M.;  completed in the millimeter-wave region and could not resolve
Lubman, D. M.; de Vries, M. SJ. Mol. Spectrosc2002 215 204. (9) the 14N quadrupole coupling hyperfine structure of the molecule.

Mons, M.; Dimicoli, |.; Piuzzi, F.; Tardivel, B.; Elhanine, M. Phys. Chem. .
A 2002 106, 5088. (h) Weinkauf, R.; Schermann, J.-P.; de Vries, M. S.; With the development of our LA-MB-FTMW spectrometer, the

Kleinermans, K.Eur. Phys. J. D2002 20, 309. i i i i
(12) Lesarri, A.; Mata, S.; ez, J. C.; Alonso, J. LRev. Sci. Instrum2003 problem o.f sample vaporlzatlon is solved and the rOtatIO.nal
74, 4799. spectrum is recorded with unparalleled sub-Doppler resolution.

(13) Antolinez, S.; Lesarri, A.; Mata, S.; Blanco, S.;per, J. C.; Alonso, J. L. i iti
3 Mol Struct 2002 612 125, The nuclear quadrupole coupling parameters are very sensitive

(14) Lesarri, A.; Mata, S.; Blanco, S./ bez, J. C.; Alonso, J. L1. Chem. Phys. to both the electronic environment of the nitrogen atom and its
2004 120, 6191. ; ; ; "

(15) (a) Vishveshwara, S.; Pople JJAmM. Chem. So977, 99, 2422. (b) Sellers, orientation with respect to th_e prlnC|paI memal a%?an_d thu_s
H. L.; Schider, L. J. Am. Chem. Sod978 100, 7728. (c) Jensen, J. H.;  they could serve to unambiguously determine the identity of
Gordon, M. SJ. Am. Chem. Sod991 113 7917. (d) Ramek, M.; Cheng,
V. K. W.; Frey, R. F.; Newton, S. Q.; Stfa, L. J. Mol. Struct. the observed conformets.

ngllesg)S%gEl}/l)&'991CZ?_|5. 13 rSE) Claazﬁs, ﬁ- Gf J. ﬁmj:CAhem.Cr?od%SZ Second, the experimental information on the structure of gas-

1093 115 '25)23’_ (@) Barone, V.. Adamo, G Lo, B. Chem, Phydloss  Phase alanine is refatively poor. The only structural work done

éoz 364. (Eh)lcilaza, A %JT M§|'|S§”§,C%9&5 gﬁla 14F}H (21 ggglslb g thus far on gas-phase alanine was based on the analysis of
roynov, t. |.; uyen, D. |.; Salanhub, D. &. em. . . . . . . .

364),/(1-) Stepaniaﬂ & G.:Reva I. D.: Radchenko, E. D.: %éosado, M. T.s.: electron diffraction datd This analysis, even if combined with

Duarte, M. L. T. S.; Fausto, R.; Adamowicz, L. Phys. Chem. A998 the rotational constants reported by Godfrey et®alvas

102 1041. (k) Bludsky O.; ChochololUsva J.; Vacek, J.; Huisken, F.; . . . .

Hozbza, PJ_((:)hem_ pﬁ’yszooq 113 4629_a incomplete since it was based on the assumption that the vapor

(16) (a) Donohue, J. Am. Chem. S0d95Q 72, 949. (b) Dunitz, J. D.; Ryan, i i . i -
KRR Acta Grystallogr 1966 21 617. () Simpson, H. 3 March R E. of alanine is composed only of conformer I. As is well-known,

Acta Crystallogr.1966 20, 550. (d) Lehmann, M. S.; Koetzle, T. F;

Hamilton, W. C.J. Am. Chem. So0d 972 94, 2657. (19) Lopez, J. C.; de Luis, A.; Blanco, S.; Lesarri, A.; Alonso, J.JL.Mol.
(17) Godfrey, P. D.; Brown, R. D.; Rodgers, F. M. Mol. Struct 1996 376, Struct 2002 612, 287.

65. (20) (a) lijima, K.; Beagley, BJ. Mol. Struct 1991, 248 133. (b) lijima, K.;
(18) Csaszar, A. GJ. Phys. Chem1996 100, 3541-3551. Nakano, M.J. Mol. Struct 1999 485-486, 255.
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the different gas-phase low-energy conformers of a molecular 3-1°C (Isotec, 99%)pL-alanine-3,3,3-B(Isotec, 99%), andL-alanine-

system give rise to independent rotational spectra. As a 2-Di (Isotec, 98%). The monodeurated species at the amino (NDH-

consequence, the structure of each conformer can be indepenand NHD-alanine) and carboxylic (COOD-alanine) groups were

dently obtained from the spectra of different isotopomers. In Prépared in situ dissolvingL-alanine in RO followed by recrystalli-

the present work, the spectra of the paréiN,'3C, and several zation. Each measuring cycle starts with a gas puise (tip. 0.5 ms) of
. . . . . ,..the carrier gas, which is followed by a laser hit on the solid sample.

deuterated species of alanine have been investigated to elucidat:

h fh ible | | lar hvd bond dg\rgon, neon, or helium at stagnation pressures eb 3ar were
the structure of the possi - e mtramq ecular hydrogen bonds an alternatively used as carrier gases. After the molecular beam has been
other relevant conformational details.

created, a very short (tip. Oib) microwave pulse polarized the species
Finally, this work gives us the chance to reassess the in the jet. When the excitation microwave pulse finished, a very low-
possibility of observing other conformers of alanine. The lack noise microwave detection system was used to record the molecular
of observation of conformers Ilb and llla/llib in the supersonic emission signal in the time domain. The emission signal was down-
jet was attributed to selective collisional relaxation processes converted to the RF region around 7 MHz by a two-step superhetero-
in the jet associated to low interconversion barriérét is dyne converter, where it was digitized with a 25 MHz A/D transient

accepted that his event takes place by collsions with the noble F5CRL Tk 1 (SRR, AT SR R
S::Qi?)rngt?:t\l/cetgr? ;tadbizg(r:ei):%%??c())rrr:;rt:?sblii\’/ce(arntgulgaerfl:'ﬂ?s- the time domain signal. Because of the collinearity between the

o ) supersonic jet and the microwave resonator axis, each line in the
phenomenon, which is enhanced for heavy carrier gases as Ar"spectrum appeared as a Doppler doublet, and the transition frequencies

has been observed in systems involving only one degree of\yere taken as the arithmetic mean of the Doppler components. Typical
freedom such as torsional isomer&nand axiat-equatorial line widths at half-maximum were better than 7 kHz; frequency
relaxation in hydrogen bond comple%éwhen barriers are less  accuracy was below 3 kHz.
than about 400 crii. Studies on systems with multiple degrees B. Computational. Nuclear quadrupole coupling constants were
of freedom have proposed barrier heights below 1000%¢h useful to identify unambiguously the observed conformers of gas-phase
The previous jet-cooled millimeter-wave rotational study of amino acids. This was shown recently for vafiyy comparison of
alanine was performed using Ar as carrier gas. The use of Iighterthe observe@“N quadrupole cqup!ing constan.ts with those calculated
carrier gases such as Ne or He could allow us to observe newfrom theoretical methods. Ab initio corr_lputat_lons were _conducted on
conformers. the lowest-energy conformér’gzwof alanine (Flguref 1) using second-
order Mgller-Plesset perturbation theory (MP2), within the frozen core
approximation, and a standard 6-31-£G(d,p) basis set' The quad-
rupole coupling constants were difficult to obtain accurately from ab
A. Experimental. The details of the LA-MB-FTMW technique have initio computationg? but for the scope of discriminating the different
been given elsewhefé,and therefore only a brief description of the  conformers of alanine the level of theory used here was sufficient. This
spectrometer is given here. In this experiment, the alanine moleculeslevel of theory proved also to yield reasonable predictions of other
were vaporized by laser ablation. The ablation products, diluted in a spectroscopic properti€sThe predicted values for each conformer are
light inert carrier gas, expanded supersonically to form a molecular collected in Table 1, together with their energies and other relevant
beam between the mirrors of a Fabtiyaot resonator where they were  molecular properties such as rotational constants and electric dipole
probed using Fourier transform microwave spectroscopy. The high- moment. The electronic energies given in Table 1 were calculated at
vacuum chamber was recently enlarged to accommodate new resonatothe MP4(SDTQ) level for the MP2 optimized structures. Further
mirrors with a diameter of 55 cm. Laser ablation was produced by the calculations of the harmonic zero-point energies (ZPE) and free energies
second harmonic (512 nm) of a Q-switched pulsed Nd:YAG laser. The (G,ogx andGaggi) Were done at the MP2/6-33H-G(d,p) level by means
green laser pulses were focused onto the desorption nozzle, where af analytic Hessian matrix calculations. Conformer Illb does not appear
solid sample rod was held vertically at the exit channel of a commercial in Table 1 since it did not correspond clearly to a minimum at the
solenoid-pulsed valve. The whole desorption nozzle was located on
the backside of one of the FabrysBemirrors, close to the resonator  (24) (a) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

H inh. i M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
axis. It could be extracted from the high-vacuum chamber without Stratmann, R, E.- Burant, 3. G.. Dapprich, S.. Millam. J. M.. Danieis, A.

stopping the pumping system thanks to an auxiliary evacuated chamber D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
that could be isolated by a gate valve. The collinear arrangement of E\)/l-;htCan;mij RB {\/lennuccié BA; Pgmtlelli,PC.%(AdCamo,QC.I;\ACIif;‘(ord, SK
P . . . chterski, J.; Petersson, . A Ayala, P. Y., Cul, o orokuma, K.;
the supersonic jet and the resonator axis resulted in a larger section of  yiaick " K. Rabuck, A. D.. Raghavachari, K.; Foresman, J. B.:
the molecular beam being probed by the microwave field, and Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
; freag i P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
accordingly, the sensmw;y of the spectrc.)meter.lncre.a.sed. The sar.n.ples Laham. M. A.- Peng, C. Y. Nanayakkara. A.. Gonzalez, C.. Challacombe,
were pressed from alanine powder (mixed with minimum quantities M.; Gill, P. M. W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J.
of a commercial binder) to form a solid rod of about 6-mm width. The k-%H%ad-GQrdo?, M.; Fﬁgpé)ogleﬁ Ebf.;lgggle(,bJ).%auskS‘ia'\r)l 9J8re¥isi0|? G
. . . ./, Gaussian, Inc.: ittsburgn, y . riscn, . J.; lrucks, G.
target rod rotated and translated so the laser hit a different pointof the -’ Schiegel, H. B.; Scuseria, G. E.. Robb, M. A.. Cheeseman, J. R.;
sample surface in each successive pulse. We used commercial samples  Montgomery, J. A, Jr.; Vreven, T.; Kudin, K. N.; Burant, J. C.; Millam,
for the parent species (AldricinL-alanine, 99%) and the observed J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.;

II. Methods

. . . Scalmani, G.; Rega, N.; Petersson, G. A.; Nakatsuiji, H.; Hada, M.; Ehara,
isotopomerspL-alanine!®N (Isotec, 99%),bL-alanine-1C (Isotec, 7 )
99%), pL-alanine-213C (Cambridge Isotope Labs, 99%),-alanine-

(21) Ruoff, R. S.; Klots, T. D.; Emilson, T.; Gutowski, H. $. Chem. Phys
199Q 93, 3142.

(22) (a) Antolnez, S.; Lpez, J. C.; Alonso, J. LAngew. Chem., Int. EA999
38, 1772. (b) Antolnez, S.; Lpez, J. C.; Alonso, J. LlChem. Phys. Chem
2001, 2, 114. (c) Sanz, M. E.; Lesarri, A.;'lpez, J. C.; Alonso, J. LAngew.
Chem., Int. Ed2001, 40, 935. (d) Sanz, M. E.; Ljoez, J. C.; Alonso, J. L.
Chem=—Eur. J. 2002 8, 4265.

(23) (a) Florio, G. M.; Christie, R. A.; Jordan, K. D.; Zwier, T.5.Am. Chem.
Soc 2002 124, 10236. (b) Godfrey, P. D.; Brown, R. . Am. Chem.
Soc 1998 120, 10724.

M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda,
Y.; Kitao, O.; Nakai, H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.;
Cross, J. B.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.;
Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala,
P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.;
Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas,
O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Ortiz,
J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.;
Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.; Martin, R. L.; Fox, D.
J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe,
M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.;
Pople, J. A.Gaussian 03revision B.04; Gaussian, Inc.: Pittsburgh, PA,

J. AM. CHEM. SOC. = VOL. 126, NO. 37, 2004 11677



ARTICLES

Blanco et al.

Table 1. Predicted Spectrocopic Parameters for the Lowest-Energy Conformers of Alanine (see Figure 1) from ab Initio MP2/

6-311++G(d,p) Calculations

lla Ib llla

Evpshartree —323.0694782 —323.0689726 —323.0686408 —323.0679504
AEwp£/kJ mol? 0 1.33 2.20 4.01
AE vps+ZPE/KI mot?t 0 291 3.57 4.33
AGg9gdP/kd molt 0 4.73 4.52 4.49
AGaog/kJ molt 0 6.73 5.88 4.70
A/MHz 5074 4993 4862 5068
B/MHz 3051 3197 3441 2841
C/MHz 2298 2344 2169 2492
Yaa!MHZ —3.44 0.77 —1.39 —3.79
Zot/MHZ 1.99 0.30 —0.51 2.23
xcd MHz 1.46 —1.09 1.90 1.56
u/D 0.64 5.91 5.24 0.30
/D 1.19 1.63 1.44 1.27
udD 0.42 0.83 0.40 1.19
w/D 1.41 6.18 5.45 1.77

a Electronic energies relative to conformer | have been calculated at the MP4(SDTQW6-&Ld,p)//MP2/6-313%+G(d,p) level.’ Free energy relative
to that of the most stable form calculated, at 298.15 and 498.15 K, by combining the MP4 energy results with those of MP2 harmonic model analytical
frequency computation§.The N quadrupole coupling constants were obtained using the convergigiviHz = 2.34965 Q/fm?)(quc/au), wherey, is
the corresponding element of the electric field gradient at N nucleus and the quadrupole coupling mork@htifaaken to beQ = 2.09 fn?, after
Cummings, P. L.; Bacskay, G. P.; Hush, N. S.; Aldrich,JRChem. Phys1987 86, 6908. Only diagonal elements are givéiElectric dipole moment.1

D ~ 3.3356x 10730 C m.

= 1000+

=)

Q@ 800 ° f& T ;t %‘

— = o

& / O\O\ *%y, il

N d % llla 00,

o 4m_0 X \3\Q a0,

‘7% d o X

E_ 200+ I / |

| [

q 0-| T I\I T T T T T T T T T T T T T T [\O\:‘O’,?
90 45 0 45 90 135 180 225 270 315 360

~NCC=0/ degrees

o]
NH,
HO

H

Figure 2. Calculated MP2/6-31t+G(d,p) energy profile of alanine along
the torsional coordinate defined by dihedral anglRCC=0.

frozen core MP2/6-31t+G(d,p) level. This can be seen in Figure 2,
where the calculated energy profile for the interconversion between
conformers | and llla is represented.

I1l. Results and Discussion

A. Rotational Spectra. The rotational spectrum of conformer
| (Figure 1) is that of an asymmetric rotor with dominant

F=2 <1
10 ’- F=1+¢1 |
Alanine-I|
0.8 140000
£
= 06 F=0¢1
0] n
o
0.4
0.2
0.0 . : .
7329.0 73295 7330.0 73305 7331.0
v/ MHz

Figure 3. 130 < 0po rotational transition of conformer | for the parent
14N (upper trace) species of alanine. THN nuclear quadrupole coupling
hyperfine components-(— F'') are labeled by the quantum numbérs

| + J. Each component appears as a douliiBti{ecause of Doppler effect
(see Experimental Section).

using the asymmetric (A) or symmetric (S) reductions, supple-
mented with an additional teridg to account for the nuclear
quadrupole coupliri§ caused by thé*N atom. We finally chose
the A reduction K representation) on the basis of the quality of
the different fits, the number of determinable parameters, and
the observed correlations. In the final fit, all quartic centrifugal
distortion constants could be determined for this conformer. We
did not include the transitions measured by Godfretyal. in

electric dipole moment transitions. The transitions corresponding our analysis, since line widths in their instrument are at least

to the parent species in the frequency regierl8 GHz were
readily located using the rotational parameters of Godfray.
set of R-branchus;- andu,-type transitions were measured for
this conformer. Nouc-type transitions were observed. All
transitions exhibited a well-resolved hyperfine structure (see
Figure 3) characteristic of a nuclear quadrupole coupling
interaction arising from a singlé’N nucleus [ = 1). The
relatively large microwave powers needed for the optimum
polarization of the measured transitions agree with relatively
weaku, andu, components. The measured rotational transitions
were fitted?® to the Watson’s semirigid rotor Hamiltoni&irHg

(26) Pickett, H. M.J. Mol. Spectrosc1991, 148 371.
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40 times larger than that in our LA-MB-FTMW experiment and

the nuclear quadrupole coupling hyperfine structure was not
resolved. Splittings attributable to the internal rotation of the
methyl group of alanine were not observed with the higher
resolution of our instrument, setting a lower limit of 950 tm

for the methyl group torsional barrier. A fit of the observed

transitions with a standard deviation below the estimated
frequency accuracy of 3 kHz could be obtained with the only
consideration of the diagonal elements of tH&l nuclear

(27) Watson, J. K. G. Ivibrational Spectra and Structur®urig, J. R., Ed.;
Elsevier: Amsterdam, 1977; Vol. 6, pp-89.

(28) Gordy, W.; Cook, R. LMicrowave Molecular SpectraWiley: New York,
1984.
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Table 2. Rotational Parameters for the Parent, 13C, and 1°N Isotopomers of Conformer | of Alanine

13C2

13C3

15N

parent 13C,
AIMHZz2 5066.14560(42) 5065.20500(48)
B/MHz 3100.95058(29) 3091.28270(33)
C/MHz 2264.01342(24) 2258.83518(27)
AykHz 2.452(13) 2.417(14)
AjklkHz —6.391(31) —6.339(30)
Ax/kHz 5.410(79) 5.432(92)
dJkHz 0.5696(31) 0.5709(34)
Ok/kHz 10.3777(54) 10.386(60)
2adMHz —3.2567(11) —3.2636(14)
xb/MHz 2.0093(16) 2.0156(21)
XcdMHz 1.2474(16) 1.2480(21)
olkHzP 1.9 2.0
Ne 73 58

5057.32450(95)

4970.89132(56)

5017.29480(27)

3088.53147(73) 3067.18351(38) 3050.49311(25)
2258.67058(50) 2232.38563(31) 2229.20723(23)
2.423(15) 2.383(17) 2.331(13)
[-6.391F —6.067(43) —6.279(18)
[5.410] 5.20(10) 5.534(23)
0.548(18) 0.5587(48) 0.5402(20)
10.66(11) 9.920(69) 10.013(20)
—3.2680(14) —3.3493(14)
2.0157(24) 2.1223(50)
1.2523(24) 1.2270(50)
1.5 2.2 1.0
29 55 19

a A, B, andC represent the rotational constams; Ak, Ak, 03, anddk are the quartic centrifugal distortion constants; gagyus andycc are elements
of the N nuclear quadrupole coupling tensrms deviation of the fitc Number of transitions? Standard error in parentheses in units of the last digit.
€ Parameters in square brackets were kept fixed in the fit.

Table 3. Rotational Parameters for the Deuterated Isotopomers of Conformer | of Alanine

CO0-D

N-Da

N-Dy

C,-D Cs—Ds
A/MHz2 4952.8925(12) 4604.1195(67)
B/MHz 3049.1367(16) 2925.5532(45)
C/IMHz 2258.5517(14) 2122.4999(23)
AykHz 2.426(67) [2.452]
AjklkHz [-6.391F [—6.391]
Ax/kHz [5.410] [5.410]
0jkHz [0.5696] [0.5696]
Ox/kHz 10.92(43) [10.3777]
xadMHz —3.3193(71) £3.2567]
b/ MHZ 2.011(12) [2.0093]
xcdMHz 1.308(12) [1.2474]
olkHzP 8.7 31.0
Ne 42 24

5052.178(12)
2990.960(27)
2202.2684(18)

4961.296(59)
3043.8558(29)
2222.3985(28)

4889.2986(51)
3051.1451(11)
2218.81838(75)

[2.452] [2.452] [2.452]
[-6.391] [-6.391] [-6.391]
[5.410] [5.410] [5.410]
[0.5696] [0.5696] [0.5696]
[10.3777] [10.3777] [10.3777]
[-3.2567] [-3.2567] [-3.2567]
[2.0093] [2.0093] [2.0093]
[1.2474] [1.2474] [1.2474]
12.0 13.0 4.9
9 8 9

aparameter definition as in Table 2rms deviation of the fite Number of transitions? Standard error in parentheses in units of the last digtarameters

in square brackets were kept fixed in the fit.

quadrupole coupling tensgtes (o, f = &, b, ¢). The high

observed rotational transitions of the 10 isotopomers assigned

accuracy of the experimental measurements indicates that theor conformer | of alanine are given as Supporting Information.

contribution to the observed frequencies from the nuclear
quadrupole coupling tensor off-diagonal elements is negligible,

Conformer lla (Figure 1) is an asymmetric rotor with a larger
electric dipole moment, which is mainly oriented along the

and thus these parameters are not determinable. The finalprincipal inertial axis. The rotational spectrum for the parent
parameters for the parent species of conformer | are shown inspecies of this conformer was predicted with the rotational
Table 2. The rotational and centrifugal distortion constants are constants reported by Godfrey et®hnd the nuclear quadrupole

consistent with those previously reporfedhe determined

coupling hyperfine structure arising from tHéN atom was

guadrupole coupling constants are in good agreement with thosereadily assigned (Figure 4). Finally, a set of R-brapgttype

calculated ab initio given in Table 1.

The analysis of conformer | was later extended to other
isotopomers. The spectra of the monosubsitutééC1-2-13C,
3-13C 15N, 2-CD, and 3-CI species were assigned from the
predictions of the expected isotopic substitution frequency shifts.
For the!®N (I = 0) species, no nuclear quadrupole coupling

and R- and Q-branch,-type transitions were observed for
conformer lla. The observation of thertype spectrum of
conformer lla required much lower microwave powers and
shorter excitation pulses than those needed to observe the
corresponding lines of conformer I, confirming a large
component for conformer Ila as observed experimentaiyn

hyperfine effects are present. The monodeuterated species athe contrary, thew-type transitions require the same relatively

the carboxylic (COOD) and amino groups (NHD, NDH) were

large microwave powers as needed to observatigpe spectra

also assigned with the same procedure. The analysis of theof conformer I. This is also in good agreement with the fact
rotational transitions of the minor isotopomers was similar to that both conformers have nearly equal electric dipole

the parent species, but not all centrifugal distortion constants component$.The study of conformer lla was also extended to
could be determined in some cases. For all deuterated speciesine isotopomers, including all monosubstitutéd species, the

the small nuclear quadrupole coupling effects due to the D atom 15N species, and the monodeuterated species 2-CD, 3-CD
were not considered since they were not completely resolved; COOD, NHD, and NDH. The rotational transitions were
the N nuclear quadrupole coupling parameters were fixed to analyzed as described above for conformer I, and the corre-
those of the main species. The determined rotational parametersponding rotational parameters are collected in Tables 4 and 5.
for the minor isotopomers are collected in Tables 2 and 3. The The full set of quartic centrifugal distortion constants could be

J. AM. CHEM. SOC. = VOL. 126, NO. 37, 2004 11679



Blanco et al.

ARTICLES
F=2 « 1 _
Alanine-lla
10- F
110¢ 000
0.8
E 0.6
T 04 F=0 « 1
L o4 .
0.2
0,0 T T T T
7280.0 7280.5 7281.0 72815 7282.0
v/ MHz

Figure 4. 139 Op g rotational transition of conformer lla for the parent
14N (upper trace) species of alanine. THN nuclear quadrupole coupling
hyperfine components-(— F") are labeled by the quantum numbérs

| + J. Each component appears as a doulilgtdqecause of Doppler effect
(see Experimental Section).

determined only for the isotopomer witPN, and therefore, for

those calculated ab initio for conformer lla. As can be seen in
Table 1, both the rotational constants and the electric dipole
moment of conformers lla and Ilb are very similar, but the
guadrupole coupling constants are markedly different because
of the change in the orientation of the amino group with respect
to the principal axis system of the molecule in going from
conformer lla to Ilb.

Conformers Illa and llb were not found in the previous
microwave work done by Godfrey et dland thus we decided
to re-examine the possibility of finding these conformers using
the higher sensitivity of our Fourier transform spectrometer.
Conformer llla, with a computed energy of 4.33 kJ/mol relative
to that of conformer I, is predicted to be an asymmetric rotor
with a very small electric dipole moment component along the
a principal inertial axis (see Table 1), and therefore the
frequency scans were directed to search for the most inggnse
transitions. Furthermore, to produce a further enhancement of
the possible spectra, we used i sample for these scans,
which is free of nuclear quadrupole coupling hyperfine effects.
However, after long scans aimed to locate thg 4 0o o, 212
— 1p1 and 33 < 23, rotational transitions, no evidence was

the other species the non-determinable centrifugal distortion found of this conformer, using Ne or He as carrier gases.
constants were fixed to the values obtained for this isotopomer. Conformer Ilb has rotational parameters close to those of
The whole set of new transitions measured for conformer Ila conformer Ila, and their spectra should appear in the same

are collected as Supporting Information.
The quadrupole coupling constagts ybw, andycc determined

region. No lines attributable to this conformer were observed.
B. Structures. The experimental rotational constants of

for this conformer (see Tables 4 and 5) are only consistent with Tables 2-5 have been used to determine thandr structures

Table 4. Rotational Parameters for the Parent, 13C, and 15N Isotopomers of Conformer lla of Alanine

parent 3¢, 13C, 13C, BN
A/MHZz2 4973.05578(6F) 4972.91787(64) 4962.6542(15) 4884.70481(92) 4918.67072(26)
B/MHz 3228.33792(45) 3215.88001(50) 3214.71567(79) 3188.97210(84) 3185.34089(20)
C/MHz 2307.8087(34) 2301.61912(40) 2302.42691(65) 2274.47477(75) 2275.83229(18)
AyjkHz 2.125(14) 2.163(15) 2.089(26) 2.161(25) 2.1210(96)
AjklkHz —4.842(58) —5.017(63) —4.635(90) —4.643(93) —5.200(20)
Ax/kHz [4.982F [4.982] [4.982] [4.982] 4.982(23)
dJkHz 0.412(13) 0.402(14) 0.387(23) 0.397(25) 0.4033(23)
Ok/kHz [7.349] [7.349] [7.349] [7.349] 7.349(13)
YadMHz 0.4515(17) 0.4549(20) 0.4385(31) 0.3497(35)
xoo/MHZ 0.3267(21) 0.3268(30) 0.3298(42) 0.4961(49)
AcdMHz —0.7782(21) —0.7817(30) —0.7683(42) —0.8458(49)
olkHzP 1.6 1.6 2.0 2.6 0.7
N© 38 32 22 30 17

aParameter definition as in Table 2rms deviation of the fit® Number of transitions? Standard error in parentheses in units of the last digtarameters

in square brackets were kept fixed in the fit.

Table 5. Rotational Parameters for the Deuterated Isotopomers of Conformer lla of Alanine

C,-D Cs—Dg CO0-D N-D, N-D,
AMHz2 4857.546(17 4531.58(14) 4834.8537(71) 4937.981(58) 4808.163(20)
B/IMHz 3173.8738(11) 3030.166(36) 3220.2161(12) 3113.7956(28) 3150.7645(35)
CIMHz 2298.9205(11) 2159.054(16) 2280.62126(87) 2245.8672(26) 2263.7572(25)
AJkHz 2.070(56) [2.121] [2.121] [2.121] [2.121]
AdlkHz [~5.20F [~5.20] [-5.20] [-5.20] [-5.20]
Ax/kHz [4.98] [4.98] [4.98] [4.98] [4.98]
5/kHz [0.403] [0.403] [0.403] [0.403] [0.403]
Sx/kHz [7.349] [7.349] [7.349] [7.349] [7.349]
yad MHz 0.395(7) [0.4515] [0.4515] [0.4515] [0.4515]
xpoo/MHz 0.307(14) [0.3267] [0.3267] [0.3267] [0.3267]
Yl MHzZ —0.702(14) F0.7782] [0.7782] [0.7782] [0.7782]
olkHzb 5.2 32.0 7.2 17.0 21.0
Ne 18 6 13 12 13

aparameter definition as in Table 2rms deviation of the fit¢ Number of transitions? Standard error in parentheses in units of the last digtarameters

in square brackets were kept fixed in the fit.
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Table 6. Substitution r; Coordinates (in A) and Derived rs Parameters for the Conformers | and lla of Alanine (See Inserted Figures for
Labeling and Principal Inertial Axis System Orientation)

Conformer | Conformer lla
Atom a b c a b c
Ci 0.711(2% -0.10(1) —0.09(1) 0.775(2) ) —0.10(1)
C, -0.712(2) 0.154(8) —0.391(3) —0.696(2) 0.177(7) —0.430(3)
Cs —1.221(1) 1.2981(9) 0.534(2) —1.2704(9) 1.269(1) 0.542(2)
N —1.6134(7) —0.964(1) —0.309(4) —1.4218(8) -1.047(1) -0.290(4)
Ha —0.712(2) 1.158(8) —1.5090(8) —0.740(2) 0.532(2) —1.4693(8)
Ho 2.4531(5) 0.520(2) —0.177(7) 0.219(6) —1.6004(8) 0.601(2)
Ha —1.5815(8) —1.2945(9) 0.720(2) -2.3484(5) -0.745(2) c0
Hp —1.3107(9) —1.6730(7) —0.958(1) —1.4883(8) —1.4100(8) —1.2753(9)
Parameter Is Is
r(Ci—Cp)/A 1.48(1) 1.517(7)
r(Cs—Cy)/A 1.57(1) 1.571(9)
r(N—Cy)/A 1.438(9) 1.430(9)
r(He-Co)/A 1.119(4) 1.100(6)
r(HaN)/A 1.082(6) 1.017(4)
r(Hp-N)/A 1.008(6) 1.052(6)
r(Ha*+Ho)/A 1.742(4) 1.675(4)
r(Hos+*N)/A 4.331(3) 1.947(9)
[0C;—C,—Cy/deg 109(1) 107.6(8)
ON—C,—Cy/deg 117(1) 111.8(7)
OH.—C,—Cy/deg 102(1) 106.3(8)
OH,—N—Cz/deg 105.9(5) 103.7(5)
OH,—N—Cy/deg 108.8(6) 103.6(5)
OH.—N—Hyp/deg 112.8(4) 108.2(5)
OHee++C1—Co/deg 147(2) 83.7(6)
ON—C,—C;—Cg/deg —129(2) —121.2(8)
OHe—C,—C;—Cg/deg 135(1) 118(1)
OH,—N—C,—Cy/deg 62.(1) 148(2)
OH,—N—C,—Cy/deg —59.4(1) —99(1)
0 N—C,—Cy-+-Ho/deg 166(1) —14(1)
ON—C,—C;—Cs/deg —129(2) —121.2(8)
c c

aErrors in parentheses in units of the last digit. These were calculated according to the formula offCoztairD.0012/z| A. P Fixed to zero. Value
calculated from the moments of inertip) = 0.09(1). ¢ Fixed to zero. The value calculated from the moments of ineftjas= 0.483(3), gives rise to
unrealistic structural parameters (see text).

of the observed conformers of alanine. The most direct structural Table 6 were calculated according to Costain forn#léz =
analysis uses the Kraitchman’s equatfSis derive the squares  0.0012/z| A, which takes into account this fact and gives more
of thea, b, andc coordinates of an isotopically substituted atom realistic errors. The deficiencies of thecoordinates, due to
from the moments of inertia of the parent molecule and the zero-point vibrational effects, become apparent for atoms lying
corresponding singly substituted isotopomer. From the rotational near the inertial axes. This is the reason for the imagifary
parameters of Tables-5, thers structure of part of the skeleton  coordinate of atom Cof conformer lla, which was set to zero.

of the observed conformers of alanine, including the three C This is also the case of the,ldtom of conformer Ila for which
atoms, the NH group, and the carboxyl group hydrogen atom, the substitution coordinates were found to give unrealistic
can be obtained. The substitutinycoordinates determined for ~ parameters. Inspection of any plausible structure of this
both conformers are listed in Table 6. The absolute values of conformer indicates that this atom is lying very close todbe
these coordinates are only consistent with plausible structuresinertial plane, and therefore we decided to setit®ordinate

for conformers | and lla of alanine. The sign ambiguities for to zero.

larger coordinates were easily resolved by inspection, while for ~ Thersbond lengths and angles obtained from the center-of-
the small coordinates the signs chosen were those yielding themass coordinates are also given in Table 6. The parameters
most reasonable; bond lengths and angles. It is well-known associated with the heavy atoms are the same for both
that the errors arising from those of the rotational constants areconformers within 3 times the quoted errors, indicating the
low i_f compar_ed yvith possible errors arising from _vibrat_ien (29) Kraitchman, JAm. J. Phys1953 21, 17.

rotation contributions. For that reason the uncertainties,in (30) Van Eijck, B. P.J. Mol. Spectrosc1982 91, 348.
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Table 7. Effective (rp) Structure of Alanine (See Table 6 for

Notation)
parameter conformer | conformer lla
r(Ci—Cy)/A 1.51(1p 1.524(7)
r(Cs—C)/A 1.53(2) 1.543(8)
r(N—Cyp)/A 1.45(1) 1.458(9)
r(0=Cy)/A 1.24(2) 1.20(2)
r(0—Cy)/A 1.33(2) 1.37(2)
r(He—Co)/A [1.119P [1.100P
r(Ha—N)/A 1.08(1) [1.015}
Conformer | Conformer lla r(Ho—N)/A 1.01(1) 1.072(6)
Figure 5. Structures of conformers | and Ila of alanine determined in this r(:":c?)//é ](-)899?) 1069925(2)
work, drawn to scale, showing the hydrogen bond distances. :gH "'ﬁ')b)/A [1-74(5) [l- 69(12)
consistency of the data. Despite the absence of information for %:Zc% ‘;'_%(é)) }1'_2?8
the two oxygen atoms, the parameters of Table 6 give the r(Hp+-O)/A 2.88(2) 3.97(2)
main details of the structure of the observed conformers of  pc,—c,—Cy/deg 108.3(6) 107.1(3)
alanine. If a planar structure is assumed for the COOH group, = ON—C,;—Cy/deg 1155(,1) 111.;(7)
i —Co—Cyeee OHq—C,—Cy/deg [102 [106.3
the values of dihedral angleIN—C,—C;---H,, 166(1} for DM N~ Cyldeg 105.6(7) (103 6]
conformer | and—14(1y for conformer lla suggest that the OHy—N—Ca/deg 109(1) 102.8(6)
amino acid backbone is nonplanar in both conformers. The  OH,~N—Hy/deg 113(2) 108(1)
distancer(N—H,) = 1.947(9) A for conformer lla is consistent ggo"'grglzédeg igg(é)) 1%‘;((11))
. . ; 2—(=0/deg
with the formatlon ofa _GH N hydrogen bond. The formation [1Ca—Cr—Oldeg 113(2) 113(1)
of a nonsymmetrical bifurcated hydrogen bond of the type NH OH—Cs—Cy/deg 109.8(2) [109.9]
-+O=C for conformer | can be also deduced from the distances [IN—Cp—Ci—Cy/deg ~123.5(7) ~121.1(7)
r(Ha*O1) = 2.63 A andr(Hy-+O1) = 2.78 A, calculated OHa—Co—Ci1—Cy/deg [135) [118p

assuming a planar structure of the COOH group equal to that  OHa=N—C;—Ci/deg 60.7(7) [148]
determined for glycing (r(C=0,) = 1.207 A,r(C—0,) = 1.357 OHy—N—C,~Cy/deg —61.(1) —99.2(4)

: ON—C,—Cy*Ho/d 166(2 -12(1
A, 00;=C—-0, = 123.5). The values obtained for the DN7C2701=O/0(geZg ,14((1)) 167((1))
nonbonding angl&lH,:--C;—C; allow us to conclude that the ON—C,—C;—0/deg 167(1) —11.5(8)
configuration of the carboxyl group is cis for conformer | and UH-0-C,=0/deg —1(2) —179(2)

trans for C,Onformer lla. . . aErrors in parentheses in units of the last di§iEixed to thers values
Alternatively, all 30 moments of inertia of each conformer (see Table 6): Assumed values! Fixed to thero value determined for

have been used to fit the effective ground-statetructures conformer 1.
shown in Figure 5 and Table 7 in an iterative least squares
procedure as outlined by SchwenderdarThe parameters can be related to the relative populations in the jet by assuming
associated with the Hatom for both conformers and,tatom that the cooling in the supersonic expansion brings all the
for conformer lla were found to be not determinable and were molecular systems to the lowest vibrational state of each
constrained to the correspondingalues. A localCs, symmetry ~ observed conformer. The intensities of tietype orup-type
was considered for the GHgroup for which ther(C—H) lines of conformer i, with number density; in the jet, have
distances were fixed to 1.095 A. The derived effective structures been assumed to be proportional t@g{ Ni or (uy)' N;,
are consistent between them and with the previously describedrespectively, whereu)' and fu,)' are the projections of the
rs structures. The general conclusions pointed out previously €lectric dipole moment of conformer i along tre and b
from thers results apply also to the structures of alanine. principal inertial axis. We useg, instead ofua? since the
C. Conformer Abundances.The absence of alanine Ilb and  intensities depend on the amplitude of the free induction decay
type 1l conformers in the supersonic jet can be associated to electric field. The obtained intensity ratios lla# 2.3(3), for
collisional relaxation of these conformers to the most stable #atype transitions, and llaA= 0.22(3), foruy-type transitions,
conformers Ila and |, respectively, through low-energy barfiers.  give the same population rathd/Ny after taking into account
As an example, Figure 2 illustrates the MP2/6-311G(d,p) the experimental values of the electric dipole moment compo-
energy profile calculated for the rotation of tiéNCC=0 nents? The total mean ratidN//Nya = 3.7(5) indicates that
dihedral angle, which is consistent with this hypothesis. A low- conformer | is more stable than conformer lla.
energy barrier of 274 cni is calculated between conformers The observed relative abundances of conformers | and lla of
Illa and llIb that may interconvert without cost of energy to alanine in the supersonic expansion are the result of a series of
conformer |. The same arguments were invoked to justify the processes that include the laser-vaporization of solid alanine,
nonobservation of the type Il conformations in glycihand the seeding of alanine molecules in the region where the laser
valine® ablation plume and the carrier gas stream cross each other, and
In the present work, relative intensity measurem&nts the collisional cooling occurring in the subsequent supersonic
different u,type anduy-type transitions of conformers | and expansion. Laser ablation is a complex process that may result
Ila using Ne as carrier gas have been done. These measuremenis high translational temperatures and collisionally induced
vibration and rotational coolingf The relative population of

(31) Schwendeman, R. H. Structural Parameters from Rotational Spectra. In
Critical Evaluation of Chemical and Physical Structural Informatjdide,
D. R., Paul, M. A, Eds.; National Academy of Sciences: Washington DC, (32) Fraser, G. T.; Suenran, R. D.; Lugez, C.JLPhys. Chem. 2000 104,
1974, 1141.
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the different conformers of alanine would be brought close to Conclusions
that of thermodynamic equilibrium at the temperature of the

carrier gas 'only if a high (?ollision .rallte exists in .the seeding of alanine using LA-MB-FTMW spectroscopy. The spectra of
region. During the expansion, collisional relaxation of high- .jntormers | and lla have been observed for the parent and
energy conformers to low-energy conformers presumably 0CCUIS gitfarent isotopic species under sub-Doppler resolution condi-

as discussed previously for conformers Ilb and llla. In this way, tjons. The experimental observations corroborate that conformer
the observed relative population rabtifyN;, can be tentatively | is the most stable conformer of alanine.

related to the equilibrium distribution of conformers at the The hyperfine structure of alanine conformers has been
temperature of the carrier gas assuming that a high collisional completely resolved, and the diagonal elements yon and
rate exists in the seeding region. The hypothetical equilibrium %cc Of the 14N quadrupole coupling tensor have been determined.
relative populations of the lowest-energy conformers of alanine The notable agreement between the experimental and ab initio
at 298 K have been calculated for the Gibbs energies, given inconstants supports the assignménfsonformers | and Ila and
Table 1 to beN/Nia/Nip/Niia = 68:10:11:11. Assuming that  confirms that nuclear quadrupole coupling constants are very
collisional relaxation brings the molecular systems in vibrational yseful to discriminate the observed conformers of gas-phase
states of conformers | and llla to the lowest vibrational state of amino acids.
conformer | and that all molecules originally in conformers lla The independent structures of conformers | and lla of alanine
and lIb finally occupy the lowest vibrational state in conformer have been determined experimentally for the first time. For
lla, a postexpansion rati/Nya = 4 is obtained. This ratio is  conformer | (see Figure 5), the COOH group adopts a planar
in excellent agreement with that obtained from the experimental cis configuration, and a bifurcated hydrogen bond is formed
relative intensity measurements. This result seems to indicatebetween the amino group and carbonyl oxygen. Because of the
that in our laser ablation experiment the collisional rate in the nonplanarity of the amino acid backboréN—C,—C,;=0 =
seeding region is high enough to bring the molecular system to —14° (1)), this bifurcated hydrogen bond is unsymmetrical, as
a population distribution close to those of equilibrium at the is revealed by the net difference between the distan@¢s
temperature of the carrier gas. Ha++O=C) = 2.70(2) A and'(N—H,+--O=C) = 2.88(2) A. For
Godfrey et al8 in their work on alanine, report a postexpan- conformer lla, the COOH group adopts a planar trans config-
sion population rati\/Ni, = 8 estimated from relative intensity ~ Uration, and a hydrogen bond is formed between the hydroxyl
measurements on the free-jet absorption millimeter-wave spec-9roup and the amino group(O—H---N) = 1.96(2) A). The
tra. The discrepancy with the result given in this work is amino acid backbone is also nonplanaiN—C,—C=0 =

noteworthy, although comparison is difficult because the mil- 168) for this conformer. _
limeter-wave data has no quoted error. In that experiment The agreement between the observed and calculated relative

alanine was vaporized by heating the sample at Z2%nd conformer abundances in the supersonic expansion can be taken
seeding it in a stream of Ar. In this case, the population of the 25 & proof of the exis'.[ence of a high coIIision rate in the region
different alanine conformers is brought to the equilibrium ratio Where the laser ablation plume and the carrier gas stream cross

in the pre-expansion mixture, and thus the relative population each othe_r. such a rate _WOU|d bring the '.""S‘?r"’?‘po“ze"
of conformers in the jet can be directly related to the pre- molecules mthg s_eedlng region toaconformerdlstnb_utmn close
expansion equilibrium distribution. Using the theoretical free to that of equilibrium at the temperature of the carrier gas.
energies at 498.15 K given in Table 1, taking into consideration  Acknowledgment. We would like to thank the Direccio
only conformers |, lla, llb, and llla, and assuming the relaxation General de InvestigaaieMinisterio de Ciencia y Tecnolég!
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estimated a postexpansion ratioNfN;; = 3/1 for the free-jet the Junta de Castilla y LeeFondo Social Europeo (Grant
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experimental ratio but far from that reported in the millimeter-
wave work.

In the present work we have investigated the rotational spectra
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