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The process of a reaction of aqueoud\gN-dimethylamino)ethanol (DMAE) solutions with carbon dioxide

and the conformations of the chemical species present in the reaction system have been studied by infrared
and Raman spectroscopy and ab initio molecular orbital and density functional theories. The products of the
reaction are protonated ion of DMAE (DMAEN hydrogencarbonate ion, and carbonate ion. The DMAEH
species in the aqueous solution assumes predominantly t@&t@onformation around the HN-C—C—

OH bonds. DMAEH in solid DMAEH'CI~ and in acidic aqueous solution also assumes the same
conformation. This conformational property of DMAEHs contrasted with the results for the DMAE
molecules in the liquid state and in agueous solution that they assume™he (&= t, g7, or gt) and
GTG*g™ conformations around the LNC—C—OH bonds (L, lone pair). The G*t conformation of
DMAEHT is stabilized by strong intramolecular 1,4-N+O hydrogen bonding, while the®@x and G G*g*
conformations of DMAE are made stable through the competition of intermolecular hydrogen bonding and
intramolecular 1,4-OH-N hydrogen bonding. The interconversion, depending on the acidity/basicity of the
environment, of strong NH--O hydrogen bonding and OHN hydrogen bonding or N-O repulsion is
certainly one of the important structural factors in chemical and biological reaction processes.

Introduction stabilized by intramolecular hydrogen bonding between the
_ _ ) amino and hydroxyl group¥:1! Matrix-isolation infrared

For the purpose of preventing global warming, there is @ gpectroscopy and ab initio molecular orbital and density

growing interest in the methods for removing Cafbo_” dioxide ¢ nctional theories have shown that the relevant intramolecular

from natural and refinery gases. The carbon dioxide {CO interactions involved play an important role in the conforma-

recovery by amino alcohols is one of the promising methods, tional stabilization of XCHCH,OH-type molecules, where X
and the interactions between amino compounds ang@@e — CHsCHy, CH:O, CHS, and NH,12-15 and (CH;)zNéHz(:Hz

H H H H : - 3 2y 3\, ’ y -
in fact been studied ext_enswely t_)y ex perimental anql theoretical CHa.16 While the conformational stability of isolated molecules
methods.~8 The chemical species in aqueous amino alcohol . t?’r'] h - trix is determined by th | ¢
solutions with CQ dissolved have been identified by NMR and N the gas phase or in matrix 15 determined by the relevan
Raman spectroscopié8. Conformational behavior of the intramolecular interactions, the conformational stability of
relevant chemical species is important for characterizing their molecules in the condensed phases, such as the species in the
physical, chemical, and biological properties. Infrared and DMAE;C%_HZO rea_\c_tlon fyztem,l Is detgrmlnec: in Imanyd
Raman spectroscopy is a powerful technique for analyzing €ases Dy the competition of the relevant intermolecular an
conformational behavior of molecules involved in the reaction intramolecular interactions.

system. In the present work, we have studied by infrared and Raman

2-(N,N-Dimethylamino)ethanol (DMAE), (CE)2NCH,CH,- spectroscopy and ab initiq molecular orbital and density
OH, is known as one of the model compounds of reversible functional theories the reaction process of the DMAED,—
CO; absorbent$#6 Microwave spectroscopy has shown that H2O system and the conformation of the chemical species

DMAE and its related compound, 2-aminoethanol ¢&Hi,- present in the system. In order to discuss comparatively, we
CH,0H), assume in the gaseous state the gatiegauche — have also studied the conformation of isolated DMAE molecules
gauché (GTG*g") conformation around the LNC—C—OH in an argon matrix and of molecules in the solid and liquid states

bonds, where L denotes the lone pair, and this conformation is and in agueous solution.
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Reaction of Aqueous DMAE Solutions with GO

Experimental Section

DMAE was supplied by Tokyo Kasei Kogyo and was dried
with calcium hydride. Matrix-isolation infrared spectra of
DMAE were measured by spraying premixed gas of Ar/DMAE
= 1200 to deposit onto a cesium iodide plate cooled to 11 K
by an lwatani CryoMini D105 refrigerator. To study the effect

of annealing, the deposited sample was kept at different constant

temperatures, increasing from 11 to 40 K, for 10 min each time

and was then cooled to 11 K to record the spectra. The infrared

spectra were recorded on a JEOL JIR-40X Fourier transform
spectrophotometer using a TGS detector by co-addition of 100
scans at a resolution of 1 cth

The Raman spectra of DMAE were measured for the solid

and liquid states and for aqueous solutions. The spectra for

the solid state at 77 K and the liquid state at 190 K were

measured on the sample contained in a sealed ampule placed

on a copper block cooled with liquid nitrogen. The spectra of
the liquid without CQ and that saturated with GOwere

measured at 298 K under a pressure of 300 kPa, and the spectra

of aqueous solution of 30% concentration without,&@d that
saturated with C@were measured at 298 K under atmospheric

pressure. Raman spectra were also measured on hydrochloric 1T¢

acid solutions of DMAE and on solid dimethyl-2-hydroxy-
ethylammonium chloride, [(CE,NHCH,CH,OH]*CI~ or
DMAEH™CI~, prepared by a reaction of DMAE with hydrogen

chloride. The Raman spectra were recorded on a JEOL JRS-
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TABLE 1: Relative Energies of Conformers of DMAE and
DMAEH * Calculated by Different ab Initio Methods

relative energy/kJ mot

HF/ MP2/ B3LYP/ interaction
conformer  6-31G** 6-31G* 6-311+G* involved®
DMAE, (CH3),N—CH,—CH,—OH
GFG*g® 0.0 0.0 0.0 OH:-N

G™Tt 11.8 20.4 14.2
G'Tg* 12.3
G'Tg* 12.6
G'G™t 13.7 18.0 CH:-O
G'GTg™ 13.8 CH--O
TTt 16.8
TGt 17.0 22.2 CH:-O
TTg* 175
TGHg* 17.8 CH--O
GTG*t 19.4 25.2
TGHg" 20.1
GFGtg* b
G'G'g* b
DMAEH™, (CHs),NH"—CH,—CH,—OH°
TGt 0.0 0.0 0.0 NH---O
TG*t 17.7 17.8 18.0 CH-O
Tt 33.8 39.9 34.8

38.9
G'G™t d CH---O
GFG*g* d NH*---O
GFG*g™ d

a@0OH:---N, intramolecular 1,4-OH-N hydrogen bonding; CH-O,

400D spectrophotometer equipped with a Hamamatsu R649intramolecular 1,5-CH-O interaction; NH---O, intramolecular 1,4-

photomultiplier by using the 514.5 nm line of an NEC GLG3200
argon ion laser for excitation.

Calculations

Ab initio calculations were performed on all of the 14 possible
conformers of DMAE and seven conformers out of the 14
possible conformers of protonated ion of DMAE (DMAEH
by the restricted Hartree=ock method using the 6-31G** basis
set (HF/6-31G**) and on several of more stable conformers of
DMAE and DMAEH" by the second-order MglleiPlesset
perturbation theory using the 6-31G* basis set (MP2/6-31G*)
and by density functional theory of B3LYP using the 6-313*
basis set (B3LYP/6-3G*). The energies, molecular geom-
etries, and harmonic vibrational wavenumbéveere calculated
by these methods.
HF/6-31G**, MP2/6-31G*, and B3LYP/6-3HG* methods
were scaled by factors 0.91, 0.95, and 1.00, respectively,
the vibrations above 600 crhand by factors 0.94, 0.98, an
1.00, respectively, for the vibrations below 600 ¢m%® The
calculations were carried out with the GAUSSIAN 94 progtam
using the default parameters.

for
d

Results and Discussion

Prior to discussing the conformational properties of the
chemical species in the DMAECO,—H,0 reaction system, we
will describe the conformational stabilities of isolated molecules
of DMAE and protonated ion of DMAE (DMAEH) and the
relevant interactions involved on the basis of the results of ab
initio calculations and matrix-isolation infrared spectroscopy and
will subsequently discuss the conformational stabilities of
DMAE and DMAEHT in the condensed phases in the light of
the Raman spectroscopic observations.

Conformational Stabilities of DMAE and DMAEH *. The
relative energies of the conformers of DMAE and DMAEH
calculated by the HF/6-31G**, MP2/6-31G*, and B3LYP/6-
311+G* methods are given in Table 1. The molecular

The wavenumbers calculated by the

NH*---O hydrogen bonding’ Transformed into GG*g™ during struc-
ture optimization® For TG*x, GTTx, TTx, and GG¥x, structures of
only those conformers with the trans conformation around the-CC
OH bond & = t) were optimized? Transformed into GG*t during
structure optimization.

structures of three typical conformers of DMAE and DMAEH
are depicted in Figure 1. The conformations of DMAE and
DMAEH™ are designated by T or t for trans and Gr g* for
gauché around the sequence of bonds +t8—C—OH and
HN*—C—C—OH, respectively, where L denotes the lone pair
on nitrogen and the lowercase letters apply to the conformation
around the C&OH bond.

The ab initio calculations showed that the most stable
conformer of DMAE is GG*g™, which is exceedingly more
stable than others. This conformation is stabilized by intra-
molecular 1,4-OH-N hydrogen bonding as indicated by the
calculated results that the nonbonded -GN distance is 2.14
A (MP2/6-31G*), which is considerably shorter than the sum
of the van der Waals radii of hydrogen and nitrogen, 2.70 A,
and that the partial charges of the atoms are®®-
H+046...N~059in units ofe.

The low-energy conformers of DMAE following G*g™
are GTx (x=1t, g%, and ¢) and GG™x (x =t and ¢). In
the G'G™t and G'GTg™ conformers, one of the G{N) groups
is located close to the oxygen atom. The stability of these
conformers is explained by intramolecular 1,58 inter-
action, because the nonbonded-€B distance was calculated
to be 2.33 A (MP2/6-31G*), which is significantly shorter than
the sum of the relevant van der Waals radii, 2.60 A, and the
partial charges were calculated as?@>—H*02L..0-0.74 This
type of attractive intramolecular GHO interactions has been
found for 1,2-dimethoxyetharté; 22 2-(methylthio)ethanol?
and 1-methoxy-2-(methylthio)ethai®. Other conformers of
DMAE are not as stable as the above-mentioned conformers
owing to anticipated repulsions between the 0 and(C)-
CHy(O) groups or between the lone pairs on nitrogen and
oxygen.
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2-(N,N-Dimethylamino)ethanol (DMAE)

GTt

GGt

Dimethyl-2-hydroxyethylammonium ion (DMAEH®)

GTt
Figure 1. Molecular structures of the G*g-, G Tt, and GGt
conformers of DMAE and the G5*t, TG't, and G Tt conformers of
DMAEH™. Stack bars indicate 1,4-GHN hydrogen bonding for
DMAE or 1,4-NH"---O hydrogen bonding for DMAEHand a dashed
line indicates 1,5-CH-O interaction.

Ohno et al.
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Figure 2. Infrared spectra of DMAE in an argon matrix measured (a)
immediately after the sample deposition at 11 K and (b) after annealing
at 40 K for 10 min, and the spectra calculated by the MP2/6-31G*
method for (c) GG*g™, (d) G'Tt, and (e) GG't conformers. The
bands which decrease in relative intensity on annealing are marked
with an arrow in (a).

show that the most stable conformer of DMAE in an argon
matrix is G"G*g™, being consistent with the results for the gas
phase by microwave spectroscépsnd with the results of ab
initio calculations (Table 1).

The predominant existence of th€ G*g™ conformer in the

The calculations have shown that the most stable conformermatrix is also confirmed by examining the—® stretching

of DMAEH™ is GTG*t, which is far more stable than others.
The high stability of this conformation is explained by strong
intramolecular 1,4-NH---O hydrogen bonding as supported by
the calculated nonbonded NH-O distance 2.02 A (MP2/6-

region of the spectra. In this region, only a single band is
observed at 3498 cm, which is assigned to intramolecular
hydrogen-bonded species, because freeH&tretching bands
are observed at higher wavenumber of about 3660t@mmost

31G*), which is much shorter than the sum of the van der Waals cased227 In consideration of the results of the MP2/6-31G*
radii of hydrogen and oxygen, 2.60 A, and the calculated partial calculations that the ©H stretching wavenumber of the

charges N0-67—H*t04%..0-0.78 The second most stable con-
former TGt is stabilized most probably by intramolecular 1,5-
CH---O interaction in conformity with the calculated nonbonded
CH---O distance 2.23 A and the partial charges®&-—
H+0.29...O—0.75_

Matrix-Isolation Infrared Spectra of DMAE. Figure 2
shows the infrared spectra of DMAE in an argon matrix with
Ar/DMAE = 1200 and the spectra calculated by the MP2/6-
31G* method for the GG*g™, GTTt, and G G™t conformers.
The observed wavenumbers of DMAE in the matrix-isolated

GTG*g™ conformer with intramolecular hydrogen bonding is
3473 cnt and the wavenumber of the™@t conformer with a
free O—H bond is 3594 cml, the band observed at 3498 tin
in the matrix is assigned reasonably to theG3g™ conformer,
for which the formation of an intramolecular 1,4-OHN
hydrogen bond is possible.

Raman Spectra of DMAE in the Condensed PhasesThe
Raman spectra of DMAE in the solid and liquid states and 30%
aqueous solution of DMAE are shown in Figure 3, where the
calculated spectra of six more stable conformersG&T,

state and in other phases and the calculated wavenumbers ar&™Tt, G'Tg", G'Tg*, G'G't, and GGTg™, are also shown.

given in Table 2. The conformational equilibration of matrix-

The Raman spectrum of the solid state in the-30000 cnt?

isolated DMAE molecules was monitored by annealing the region (Figure 3a) exhibits fewer number of bands than the
sample, because the annealing process induces a transformatiospectra of other condensed phases. A comparison of the solid-
of less stable conformations into the most stable conforma- state spectrum with the calculated results shows that it matches
tion.2526 On annealing at 40 K, the weak bands at 1033, 1040, closely the calculated spectra of thé Tx conformers, wherg
1075, 1156, and 1287 crh as marked with an arrow in Figure is t, g7, or g* (Figure 3f-h). This provides evidence that the
2a, decrease in relative intensity. The bands which persist in conformation of DMAE molecules in the solid state i$Tx.

the spectrum after annealing (Figure 2b) coincide with the  The spectra of DMAE in the liquid state and in aqueous
calculated bands of the most stablé@-g™ conformer (Figure solution (Figure 3b-d) show a number of bands that correspond
2c), while the above-mentioned bands whose intensities decreasé¢o the bands in the spectrum of the solid state, e.g. those at 492
on annealing match the calculated bands of th&t@onformer and 851 cm!. The Raman spectra of these condensed phases
(Figure 2d). Since the relative energies and the vibrational also show several bands, such as those at 548, 776, and 943
wavenumbers of the @t, GTTg™, and G Tg* conformers are  cm™1, which have their counterparts in the matrix-isolation
similar among them, these decreasing bands are assignable tinfrared spectra (Figure 2) but are missing in the solid-state
these conformers. The spectral observations mentioned abovespectrum. These spectral observations indicate that DMAE
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TABLE 2: Observed and Calculated Vibrational Wavenumberst (cm~1) of DMAE

infrared Raman
matrix ~ matrix  liquid solid liquid aq soln HF/6-31Gc MP2/6-31G*
(11K) (40K) (298K) (77K) (298K) (298K) G'Gg* Gt G Ty G Tg* GGt G'G'gt G'GYgr G'Tt
1486 vw 1486 vw 1485 m 1513(0.9,10) 1519(5,8) 1507(1,4) 1506(2,5) 1505(8,11) 1502(11,10) 1512 1515
1472m 1472 m 1475 m 1472vs  1498(8,16) 1498(6,24) 1498(7,23) 1498(6,22) 1500(8,17) 1493(5,28) 1493 1494
1470m 1470 m 1492(11,4) 1497(4,8)  1494(4,11) 1494(3,13) 1491(8,5) 1490(8,6) 1485 1488
1468 m 1468 m 1489(11,14) 1488(12,11) 1489(14,13) 1488(13,11) 1489(6,14) 1488(3,5) 1483 1485
1461m 1461m 1462s  1460vs 1467vs 1467sh,s 1481(1,3) 1484(2,2) 1482(2,3) 1483(2,3) 1481(3,4) 1481(4,3) 1470 1476
1457m 1457 m 1454s  1448s  1448vs  1474(8,27) 1474(5,25) 1474(7,22) 1474(7,23) 1474(7,22) 1474(8,20) 1468 1469
1443 mw 1443 mw 1442 w 1462(2,7)  1472(2,2)  1469(1,8) 1468(1,7)  1465(2,4) 1464(0.5,8) 1443 1448
1432 sh,m 1434 sh,m 1461(2,6) 1458(2,5) 1431
1412ms 1412 ms 1415 mw 1414w 1439(26,4) 1442(5,3)  1440(4,4)  1439(6,7) 1439(6,7) 1417
1407 m 1407 m 1408 w 1406 ms 1438(39,5) 1439(5,7) 1426(17,2) 1413 1416
1368 mw 1436(3,6)  1435(3,4)
1364 mw 1364 m 1365 m 1366 vw  1372vw  1396(40,2) 1406(22,2) 1402(42,2) 1359
1335w 1335w 1333 vw 1333vw  1357(12,11) 1378(20,0.7) 1385(55,3) 1370(21,8) 1336 1340
1333w 1328 w 1325 vw 1370(79,3)
1287w 1290 vw 1303s 1301 mw 1310 mw 1320(14,10) 1342(5,8) 1351(13,2) 1340(40,10) 1331(21,7) 1293
1281 mw 1281 m 1298 sh,vw 1311(29,3) 1321(15,12) 1275
1271w 1270 vw 1270 w 1263 sh,vw 1306(18,0.8) 1313(16,6) 1272
1269 mw 1268 m 1269ms 1253vw 1248w 1253w  1301(13,0.8) 1305(20,1) 1306(21,0.2) 1306(12,1) 1307(8,1) 1268
1247m 1242 vw 1283(14,9) 1269(22,4) 1263(7,6) 1254
1226 ms 1226 ms 1225 shw 1240(40,6) 1260(11,3) 1261(49,4) 1222
1224 m 1228(64,4) 1222(29,6) 1211
1182w 1183 mw 1180m 1186 mw 1178w  1176shw 1188(13,4) 1203(23,1) 1188(12,2) 1191(19,3) 1199(30,3) 1208(26,2) 1171 1181
1156 w 1157 m 1168w 1157 m 1167 mw 1178(40,1) 1163(27,3) 1153(32,3) 1159
1154w 1155w 1170(10,3) 1135(56,2) 1140(5,3) 1150
1098 ms 1098ms 1100s 1110w 1099w 1104w  1112(954) 1109(14,4) 1107(6,4) 1108(10,5) 1111(37,6) 1112(25,7) 1094 1095
1094 w
1091 w 1090 w 1108(16,5) 1092(8,3) 1099(61,1) 1099(36,3) 1077 1084
1082 s 1081w 1081w 1085 w 1088(79,10) 1088(70,11)
1080vs 1080vs 1086s 1073(11,1) 1063
1075 m 1085(66,10) 1059
1066 m 1066 mw 1065vs 1065m 1066 m 1073(2,4)  1061(26,5) 1071(2,3) 1066(23,7)
1054 m 1055(53,2) 1057(16,8)
1043s 1043 s 1041vs 1050m 1044s 1040 s 1050(27,6) 1057(45,5) 1051(36,7) 1051(33,7) 1038 1043
1040 ms 1041 s 1049(22,7) 1048(74,6) 1046(76,7) 1049(36,10) 1035
1037 m 1037 ms 1034 sh,s 1043(40,8) 1031
1033 ms 1033 m 1024m 1026 shm 1022 m 993(30,7)  1015(11,3) 1014(9,4) 1026(34,3) 999
948 ms 948 ms 945ms 945 mw 943 mw  943(12,5) 941(17,4) 944(28,5) 941
882w 895w 901(15,1) 897(15,1)
881lms 881lms 876m 868 mw 876 m 874 m 878(9,7) 879
857 m 853 s 857 m 851m 855(24,10) 855(17,9) 849
852 sh,m 854(17,9)
812 mw 796(0.3,0.4) 801
780w 781w 781 vw 782(3,0.2)  781(1,0.3)
771ms 771ms 776 ms 778 vs 776 vs 768(22,11) 767
762shw 762 sh,w 775(18,14) 768(13,13)
563 w 562 w 548 w 548 w 560(8,2) 573
535w 535w 527(8,1)  539(21,1)
491w 508s  494m  492m 501(2,2)  503(3,3)  502(3,3) 499
475 m 475 m 469(112,2) 551
454ms  440m  451m 433(13,0.4) 434(4,1)  436(7,1)  435(4,1)  439(2,0.2) 441(0.3,0.1) 435 434
443 sh,m
418m  412brw  422m 414(6,0.4) 396(12,0.4) 394(19,0.4) 395(21,0.3) 385(9,0.8) 381(7,1) 413 402
375s  366s 369s 364(13,0.6) 362(3,1)  365(52)  363(4,2)  341(4,0.6) 344(17,0.8) 379 362
303w 302(142,3) 295(141,2) 290(18,0.7) 315(121,2)
281 mw 283(0.2,0.1) 266(4,0.4) 296 276
272vw 260 br,w 260(139,4) 263(0.5,0.3) 264(4,0.5) 263(102,3) 272(22,0.8) 270
248(0.5,0.4) 244(7,0.7) 254(8,0.5) 260
234w 232(0.4,0.3) 232(2,0.1) 233(2,0.3) 233(0.5,0.3) 233(18,0.1) 234(8,0.4) 238 247
195w 200(4,0.1)  198(0.7,0.2) 200(0.1,0.2) 200
151w 138(4,0.1) 154(8,0.1) 151(2,0.3) 149
138 w
108 ms 111(0.6,0.1) 116(3,0.1) 113(2,0.1) 115
84w 66(2,0.2)  63(12,0.2) 59(6,0.1)  68(3,0.3) 45(2,0.1) 61(2,0.1) 62 48

aWavenumbers below 1500 cthare given in this table? Approximate relative intensities: vs, very strong; s, strong; ms, medium strong; m,
medium; mw, medium weak; w, weak; vw, very weak; sh, shoulder; br, brdaak scale factors, see teftinfrared intensities in km mot and
Raman intensities in Aamu? are given in parentheses in this order.
molecules in the liquid state and in aqueous solution assumeG™Tx conformers are more stable than thé& g™ conformer.
the G'Tx (x =t, g7, or g*) and G G*g™ conformations. Of In addition to these conformers, th€ G™x conformers are also
these, the GG*g™ conformer is one of the major conformers present in the liquid state and in aqueous solution as indicated
in these condensed phases, because the band at 726ixm by an observation of a weak band at 762@érassociated with
distinctively strong as compared with other bands. The relative these conformers.
intensities of the Raman bands at 492 and 851'cassociated In the condensed phases, intermolecular interactions such as
with the G'Tx conformers are stronger in the liquid state at OH---O and OH--N hydrogen bonding are more important than
190 K than at 298 K. This spectral behavior indicates that the intramolecular interactions, and may stabilize theT& con-
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Figure 3. Raman spectra of DMAE in (a) the solid state at 77 K, (b)
the liquid state at 190 K, (c) the liquid state at 298 K, and (d) 30%
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in the solid state, hydrochloric acid solution of DMAE, and 30%
aqueous solution of DMAE saturated with €OThe calculated
spectra of the most stable two conformers of DMAE KT G*t
and TG, are also shown in this figure. The observed and
calculated wavenumbers of DMAEHare given in Table 3. A
comparison of the spectrum of solid DMAERBI~ (Figure 4a)
with the calculated spectra indicates that DMAEHiolecules
assume the 85*t conformation. The spectrum of hydrochloric
acid solution of DMAE (Figure 4b) is similar to the spectrum
of solid DMAEHT'CI~. This observation shows that DMAE
molecules in hydrochloric acid solution are protonated as
DMAEH™ assuming the conformation mostly of" G*t.

The Raman spectrum of 30% aqueous solution of DMAE
saturated with C@(Figure 4c) is substantially the same as the
spectrum of hydrochloric acid solution of DMAE except for
several additional bands in the former spectrum at 636, 678,
1018, 1301, and 1362 crh due to hydrogencarbonate ion
(HCO3™) and at 1065 cm! due to carbonate ion (G&).28
These spectral features indicate that DMAE acts as a Lewis
base in a hydration reaction of G aqueous solution:

(CH,),NCH,CH,OH + CO, + H,0 —
(CH,),NHCH,CH,0OH + HCO,"

This elucidation of the reaction of agueous DMAE solutions

aqueous solution at 298 K, and the spectra calculated by the HF/6-With CO; is consistent with the interpretation by NMR

31G** method for (e) GG*g™, (f) GTt, (g) G'Tg™, (h) G'Tg™, (i)
G'G™t, and (j) G'G'g" conformers.

(a)

(b)

Intensity

(e)

g,

1500 7000 500
Wavenumber/cm™

Figure 4. Raman spectra at 298 K of (a) DMAERI" in the solid

state, (b) hydrochloric acid solution of DMAE, and (c) 30% aqueous 31G** and MP2/6-31G*

solution of DMAE saturated with Cand the spectra calculated by
the HF/6-31G** method for (d) GG*t and (e) TGt conformers. The

spectroscopy. The Raman spectrum of neat liquid of DMAE,

on the other hand, showed no noticeable changes on saturation
with CO, under a pressure of 300 kPa except for the appearance
of a very weak band of COat 1383 cml. This spectral
behavior indicates that a reaction of DMAE with g@pbes not
occur in the absence of water.

The spectral coincidence of the DMAEHspecies in the
DMAE —CO,—H,0 reaction system with the same species in
hydrochloric acid solution of DMAE confirms that DMAEH
assumes predominantly the*G*t conformation in either of
the solutions. In addition to this major conformation, DMAEH
also assumes the T® conformation as indicated by an
observation of weak bands at 763 and 852 tassociated with
this conformation.

Intramolecular 1,4-NH"---O and 1,4-OH---N Hydrogen
Bonding. To study more closely the conformational stabiliza-
tion of DMAE and DMAEH" molecules by intramolecular 1,4-
NH*-+-O and 1,4-Ok:-N hydrogen bonding, we have per-
formed higher-level density functional calculations by the
B3LYP/6-311G* method. According to the calculated results
(Table 1), the GG*t conformer of DMAEH" with 1,4-NH"---O
hydrogen bonding involved is more stable than th&TG
conformer with the least steric repulsions by 34.8 kJ Thol
while the G'G*g™ conformer of DMAE with 1,4-Ok+-N
hydrogen bonding involved is more stable than théTG
conformer by 14.2 kJ mol. The calculations by the HF/6-
methods also gave similar tendencies
of the relative energies of the conformers. These calculated

bands due to hydrogencarbonate and carbonate ions are marked with€Sults imply that 1,4-NH---O hydrogen bonding is stronger

an asterisk and a dagger, respectively, in (c).

formers to a greater extent than th€@ g™ conformer which
is stabilized by intramolecular 1,4-OGHN hydrogen bonding.

more than twice than 1,4-OHN hydrogen bonding, and is
strong enough to maintain the¥G*t conformation in the
condensed phases. Strong hydrogen bonding, in which ions are
involved, has been reported on FH~, OH:--O~, and

The energy of the intermolecular hydrogen bonding may precede O*H---0.29-31
the thermal energy in the condensed phases at low temperatures. The present study has shown that intermolecular-@Hor

Raman Spectra of DMAEH" and a Reaction of Aqueous
DMAE Solutions with CO». Figure 4 shows the Raman spectra
of dimethyl-2-hydroxyethylammonium chloride (DMAEILI™)

OH---N hydrogen bonding is stronger than intramolecular 1,4-
OH---N hydrogen bonding and that the major conformers of
DMAE present in the liquid state and in aqueous solution are
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TABLE 3: Observed and Calculated Vibrational Wavenumberst (cm~1) of DMAEH

Ramah HF/6-31G**ed MP2/6-31G* B3LYP/6-31H-G*¢
solid HCl aq soln C®@aqg soln GGt TG*t GTG*t TG*t GTG*t
1472 br,ms 1483 sh,w 1484 sh,mw 1525(6) 1520(6) 1519 1514 1544
1497(1) 1498(6) 1489 1493 1527
1491(2) 1497(0.8) 1480 1488 1521
1461 s 1464 sh,ms 1468 ms 1484(15) 1485(6) 1476 1474 1518
1448 ms 1458 ms 1458 ms 1478(25) 1477(11) 1469 1468 1507
1461(1) 1473(16) 1455 1460 1494
1432 m 1448 sh,m 1442 sh,mw 1465(6) 1471(11) 1433 1444 1485
1409 w 1418 vw 1418 w 1452(2) 1460(7) 1418 1440 1477
1445(4) 1431(3) 1426 1410 1457
1394 m 1392 w 1434(3) 1431(1) 1412 1396 1455
1378 mw 1368 vw 1362 br,mfv 1429(3) 1421(0.2) 1393 1392 1448
1308 m 1313 sh,w 1378(4) 1380(3) 1342 1352 1397
1301 mw 1301 h 1310(6) 1330(12) 1289 1310 1334
1260 m 1256 mw 1261 mw 1266(8) 1277(3) 1239 1251 1280
1244(2) 1250(1) 1224 1231 1257
1236 vw 1237w 1239 w 1237(3) 1229(4) 1213 1205 1252
1174 br,vw 1172 vw 1178 w 1186(0.6) 1167
1158 w 1154 w 1158 w 1178(1) 1157 1188
1137(1) 1155(3) 1123 1142 1158
1085 mw 1075 mw 1078 sh,m 1078(0.3) 1078(0.6) 1061 1060 1092
1058 m 1063 mw 1065 rhs 1102(6) 1113(3) 1063 1078 1077
1042 mw 1032 sh,ms
1019 m 1013 mw 1018°s 1042(0.7) 1038(0.5) 1028 1023 1066
994 s 990 ms 993 ms 983(5) 991(7) 988 995 994
943 w 976(8) 966(7) 980 971 985
921 ms 923 ms 924 ms 905(5) 917 926
890 m 882 ms 882 ms 884(6) 876(4) 877 883 895
851w 852 w 862(3) 854
778 vs 776 vs 779 vs 753(9) 760 771
758 w 763 w 726(15) 733
678 vw#
636 v
597(0.7) 593
559 w 553 w 554 w 561(3) 560 556
538 v 540 w
493 br,vw
455 mw 453 mw 454 mw 450(1) 453 450
418 mw 414w 415w 410(0.3) 419(0.2) 413 419 403
364 sh,w 390(0.5) 392
355 mw 363 mw 366 mw 373(0.6) 371(0.4) 378 370 378
313(2) 323(2) 312 336 318
292(0.1) 310
274(0.3) 268(0.3) 279 279 264
254 br,vw 244(0.1) 230(0.1) 246 234 243
204(0.1) 206 203
186 w 158(0.1) 174(0.2) 171 185 163
116 m 60(0.1) 83(0.3) 63 102 69

2 \Wavenumbers below 1500 crare given in this table? Raman spectra observed at 298 K. Approximate relative intensities: vs, very strong;
s, strong; ms, medium strong; m, medium; mw, medium weak; w, weak; vw, very weak; sh, shoulder; br¢ Bayastale factors, see text.
4 Raman intensities in famur? are given in parenthese®Also assignable to hydrogencarbonate iohlso assignable to carbonate ishAssigned
to hydrogencarbonate ioRThis band may be assigned to thé@&t conformer of the species for which the formation of intermolecular hydrogen
bonding is different from that for the species giving a band at-3&3} cn1.

those with the trans and gauche conformations around the NC DMAE (DMAEH *), hydrogencarbonate ion, and carbonate ion.
CO bond, namely GTx and G'G*g™. These results suggest The DMAEH' species in the aqueous solution assumes
that the conformational competition of the intermolecular and predominantly the GG*t conformation around the HN-C—
intramolecular hydrogen bonding makes both the conformers C—OH bonds. DMAEH in solid DMAEH*CI~ and in acidic
with the trans and gauche conformations around the-BO aqueous solution also assumes the same conformation. This
bond stable when nitrogen is not protonated as in the liquid conformational property of DMAEH is contrasted with the
state or in aqueous solution, while intramolecular 1,4- resylts for the DMAE molecules in the liquid state and in
NH*---O hydrogen bonding, which is stronger than intra- aqueous solution that they assume tHeaFr&(x = t, g%, or g*)
molecular 1,4-O-N hydrogen bonding, stabilizes preferen- 54 GG*g* conformations around the LNC—C—OH bonds
tially the_gauche conform_ation_ ground _the same bond when (L, lone pair). The GG conformation of DMAEH is
nitrogen is protonated as in acidic solutions. stabilized by strong intramolecular 1,4-NH-O hydrogen
bonding, while the GTx and G G*g™ conformations of DMAE
are made stable through the competition of intermolecular
In the reaction system of agueous DMAE solutions with,CO hydrogen bonding and intramolecular 1,4-&# hydrogen
dissolved, the product chemical species are protonated ion ofbonding. The interconversion, depending on the acidity/basicity

Conclusions
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of the environment, of strong NH--O hydrogen bonding and
OH---N hydrogen bonding or N-O repulsion is certainly one
of the important structural factors in chemical and biological
reaction processes.
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