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The vibrational, Raman, and IR, spectra of the five 12-crown-4 (12c4) complexes witiN&f, KT, Rb",

and Cg alkali metal cations were measured. Except for a small shift of the position of some bands in the
vibrational spectra of the Licomplex, the vibrational spectra of the five complexes are so similar that it is
concluded that the five complexes exist in the same conformation. B3LYP/&381orce fields were calculated

for six of the eight predicted conformations in a previous reparPhys Chem A 2005 109, 8041) of the
12c4-Li*, Na", and K" complexes that are of symmetries higher than @esymmetry. These six
conformations, in energy order, are Gf, Cs, Cs, Cy,, Cy,, and C; symmetries. Comparison between the
experimental and calculated vibrational frequencies assuming any of the above-mentioned six conformations
shows that the five complexes exist in t@g conformation. This agrees with the fact that the five alkali
metal cations are larger than the 12c4 ring cavity. The B3LYP/&G1force fields of theC, conformation

of the Li", Na" and K" complexes were scaled using a set of eight scale factors and the scale factors were
varied so as to minimize the difference between the calculated and experimental vibrational frequencies. The
root-mean-square (rms) deviations of the calculated frequencies from the experimental frequencies were 7.7,

5.6, and 5.1 cmt for the Lit, Nat, and K" complexes, respectively. To account for the earlier results of the
Li* complex that theCs conformation is more stable than thg conformation by 0.16 kcal/mol at the MP2/
6-31+G* level, optimized geometries of the complex were calculated fothaend Cs conformations at the
MP2/6-31H-+G** level. The C, conformation was calculated to be more stable tharCfemnformation by
0.13 kcal/mol.

Introduction program?! has the advantage of being fully programmed. This
minimizes the human interference and consequently minimizes
human error. This is compared to other conformational search
methods that can be termed as half programsatedf manual.
" The conformational search of 12c4 resulted in the prediction
of 180 conformations. Energy order of the predicted conforma-
tions was calculated at levels of theory as high as the MP2/6-
B1+G* level. Similar to previous repor& 24 the study
predicted that theS, conformation is the lowest energy
conformation of 12c4. At the MP2/6-31G* level, the S
Because of the importance of the applications of crown ethers, conformation is more Stab.le thgn the conformation by 2.61
kcal/mol. In a following vibrational study of free, or rather

our objective was set to study this class of molecules to . o
determine in which conformation, or conformations, these large yncomplexed, 12¢4, it was shown for the first time that 12c4

ring flexible molecules exist in. The methodology we use to in the solid, liquid, and considered solution phases exists in the

_ e o :
achieve this goal is through the conformational analysis and E‘ conformatl_on'% -I;hﬁ casels stlhmlla_rbfort_the Ilarge%q}PSéCG.(ljt 1S
vibrational study of free crown ethers and some of their hown experimentaly, using the vibrational spe an

_ 28,29 i i . i imi
complexes. Although our attention was attracted first to the mostX re;y, t_that|1806 ek:asts It?\ tthé;' (;onfor;n?tlorll.zA‘ls;lmllg ted
important crown ether, 18-crown-6 (18c6), due to its large size, contormational search, as that periormed for 12C4, predicte

: for the first time that the lowest energy conformation of free
our effort was turned to the smaller and easier to study 12c4. _ . "
In a previous report® a full conformational search of the 18c6 is aS conformation. At the MP2/6-3EG* level, the S

possible conformations of free 12c4 was performed at the MM3 con::orma:_lon LS T%rj ;tasleépﬁn the T}Xpe“rt?]e?ttﬁ”y I:ng_.‘\lyn
level. The search was performed using an efficient method of C?ThorTa |or; YL ca rfn : ;/'vas Sf (ivzvn4 a d tisfl "tyt
conformational search of cyclic molecules, the CONFLEX or the owesfener?)& c?rié)r(rsn.a '(?n ? N abn i € O\ka?sth
method!’~2° The method, as implemented in the CAChe energyS; confarmation of 18¢6 is due 0 a combination ot bo
more number of oxygen atoms participating in hydrogen
* Corresponding author. Present address: Chemistry Department, Facultybondlng a_nd a(ti g)IStanceS shorter than that of any of the other
of Science, King Saud University, P.O. Box 2455, Riyadh 11451, Kingdom conformations®:
of Saudi Arabia. E-mail:azhary60@hotmail.com. Telephone: (9661) 467 i ; i i
4367, Fax: (9661) 467 5992, Ina continuing study, conformational analysis of 12a4_<all
tKing Saud University. metal cation complexes was perfornfdhe study predicted
* Cairo University. eight possible conformations of these complexes. It was
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Recently there has been a wide interest shown in the
chemistry of crown ethers. This interest is due to the ability of
crown ethers to form strong complexes with ionic species
especially alkali metal cations, with high selectivity. Conse-
quently, crown ethers have found a large number of industrial
and medical applications. Crown ethers are used in nuclear wast
disposal—> membrane transpdft? anion activatior;1° forma-
tion of soluble and insoluble polymets;1* and macrocyclic
liquid crystals!®
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14 TABLE 1: Geometry of the 12c4—Alkali Metal Cation
Complexes at the B3LYP/6-3%+G* and MP2/6-31+G*
Levelst
coordinate L Na* K+ Rb* Cs"
01—Cy 1.437 1.434 1.431 1.429 1.428
1.440 1.437 1.433 1.432 1.431
17 C—Cs 1.524 1.525 1.524 1.525 1.525
1.516 1.517 1.516 1.516 1.516
C1—0O4 1.440 1.437 1.433 1.431 1.430
1.444 1.441 1.437 1.435 1.434
M—-O 2.120 2.334 2.747 2.986 3.226
2.018 2.394 2.708 2.930 3.144
Co—Hia 1.098 1.099 1.100 1.100 1.101
1.097 1.099 1.099 1.100 1.100
Co—Hss 1.099 1.098 1.098 1.098 1.098
1.099 1.097 1.097 1.097 1.097
Cs—Hais 1.093 1.094 1.095 1.095 1.095
1.093 1.093 1.094 1.094 1.094
Cs—Haiz 1.096 1.097 1.098 1.099 1.099
1.096 1.098 1.098 1.099 1.099
0:1C,C3 106.0 107.8 108.5 108.8 108.9
105.3 107.1 107.3 107.5 107.5
CC304 109.0 111.8 112.6 112.9 113.1
- 109.4 111.2 111.5 111.8 112.0
Figure 1. Structure and atom numbering of ti&a conformation of C304Cs ﬁg; ﬁig ﬁig ﬁgg ﬁgg
the 12c4-alkali metal cation complexes. MO.Cs 109.4 109.2 109.9 110.2 110.4
109.5 110.0 110.8 111.0 111.2
MO4Cs 109.1 113.2 118.6 120.8 122.7

109.2 115.1 119.7 121.9 123.7
0:1CoH14 110.2 110.0 110.0 110.0 110.1
110.1 109.9 110.1 110.2 110.2
C3CoHaa 110.5 109.7 109.4 109.2 109.2
111.0 110.2 110.0 109.8 109.8
0:1CoH1s 110.2 110.3 110.4 110.4 110.5
110.2 110.3 110.4 110.5 110.5

03CoH1s 111.4 111.0 110.7 110.6 110.5
111.5 111.1 110.9 110.8 110.8
CoC3His 110.3 110.1 109.9 109.9 109.8
110.3 110.1 110.0 109.8 109.8

1500 1000 500 04C3H16 105.7 105.6 105.7 105.7 105.7
Raman shift (cm-1) 105.6 105.6 105.7 105.7 105.7

Figure 2. Raman spectra of the solid phase of the three 12¢4tbp), CoCaHy7 111.1 110.2 109.8 109.6 109.5
Na' (middle) and K (bottom) complexes. 111.6 1107 1105 1103 110.3

04CsH17 111.0 110.7 110.7 110.7 110.8
110.7 110.5 110.7 110.7 110.7

0:CC304  —50.9 —56.1 —58.4 —58.9 —59.4
—52.8 —56.9 —57.9 —58.5 —58.9
CoC304C5 —91.5 —84.0 —81.0 —80.2 —79.7
—88.8 —83.0 —81.6 —80.8 —80.4
C304CsCs 168.1 164.7 163.5 162.9 162.7
168.7 165.6 165.0 164.6 164.4
MO1C>C3 43.5 375 29.9 26.3 23.2
45.1 36.7 30.5 27.1 24.0

aSee Figure 1 for atom numbering. Bond lengths in A and angles
in degrees. For each coordinate, the first line corresponds to the B3LYP/
6-31+G* level and the second line corresponds to the MP2/31

00 200 000 500 500 level. M refers to alkali metal cation.

Wavenumbers (cm-1)

Figure 3. IR spectra of the solid phase of the 1244 (top), Na® and co-workers argued that spectral measurement of the binding
(second from the top), K (third from the top), Rb (fourth from the ~ €nergy of the 12c4Rb" and —Cs" complexes samples both

top) and Cs- (bottom) complexes. complexes in this high enerdsp, conformation rather than the
lowest energyC, conformation?2-37
concluded that theC, conformation is the lowest energy Surprisingly, as the number of studies of the vibrational

conformation of the 12c4Na’, KT, Rb™ and CS complexes. spectra of free 12c¢4 is quite limité&; 44 the number of studies
For the 12c4Li*™ complex, aCs conformation is the lowest of the vibrational spectra of its alkali metal cation complexes,
energy conformation, although, at the MP2/6+33* level, the to the best of our knowledge, is very scafé? The most

C,4 conformation is less stable than tidisconformation by only detailed study of the vibrational spectra of 12&kali metal
0.16 kcal/mol. The best agreement between the experimentalcation complexes was reported by Fukushima and Tamaki in

and calculated binding energies is obtained assumingtoe 19874° The authors reported the Raman spectra of the 42c4
Cs conformation of the 12c4Li* and Na complexes and the  Li*, —Na", =K+, —=NH,*, —Mg?*, —C&", —S#t, —Ba2*, and
C, conformation of the 12c4K* complex. For the 12c4Rb* —PB?* complexes in the region below 1000 cinThe assign-

and—Cs'" complexes, poor agreement is obtained between the ment of the fundamental vibrations was aided by frequencies
experimental and calculated binding energies assun@ng  calculated using an empirical force field. The study predicted a
conformations of both complexes. Instead, the best agreementD,q structure of the 12c4Li*, —Na, —K*, —NH4*, and

is obtained assuming @, structure of both complexes. Since —Mg?" complexes and &, structure of the 12c4C&,

this disagrees with the energy order mentioned above, Feller—Sr2+, and—Ba?" complexes. This result contradicts an earlier
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TABLE 2: FT-Raman and FT-IR Frequencies (cm™1) and TABLE 3: FT-Raman and FT-IR Frequencies (cm™1) and
Assignment of the 12c4-Li* Complex@ Assignment of 12c4-Na™ Complex®
Raman IR Raman IR
MeOH? H,O°  MeOH MeOH° H,0° MeOH H,0°
solid MeOH HO HO solid ref 40 assgnt solid MeOH HO solid MeOH solid solid MeOH ref40 assgnt
155 158 ) 131 138 129 124 o)
167 167 164 1) 153 148 148 Va9
176 182 185 171 171 173
199 201 620) 183 181 180 188 Ve1
214 193 196 193 198 20
229 221 {36) 209 204 202 210 204 vss
250 252 215 215 212 Uso
266 262 248 240 246 243 19
282 285 292 Uso 254 257 260
305 305 300 307 302 19 260 264 268
311 313 310 312 280 285 276 273 Usg
324 328 324 1 304 302 303 302 301 303 uig
341 338 340 Usg 347 348 350 347 346 349 vy
355 351 352 348 355 17 ggg 368 363 3353629
374 374 Usg
400 401 399 43) 421 414 416 415 )
415 415 422 o 494 494 496 494 493 495y
501 500 499 499 504 553 553 Us7
562 e 602 601 598 603 599 601 v1
579 796 794 795 792 794 796 vss
BB o BT e g BRI e .
U3s
802 803 800 805 821 825 823 823 825 825
815 816 816 818 818 s 833 827 829 833 830 830 831 830 828
848 855 856 853 855 855 852 853 852 858 us
879 881 875 875
865 862 862 860 865 865 vis 896 895 898 898 899 897 »
912 907 908 900 902 v1a
920 917 916 017 Vas 903 906 904 905 905 907 a4
929 928 95 926 931 Ve 918 920 916 919 918 918 918 919 Uss
1028 1028 1025 1026 v
944 939 13
1024 1022 1022 1020 s 1029 1033 1031 1032 1030 Usa
1033 1029 1029 1027 Vs 1049 1041 1049 1055 vay
1048 1049 1049 1046
1068 1064 1072 12
1958 i0sa oms AR ies 1093 1098 1095 1092 1097 1093 1093 1098 vos
1000 1090 1092 1092 1106 1111 1103
1102 1102 1102 1115 1115 1115 1115 1110 1113 1113 v
1126 1124 1124 1123 Vs
B rT e Vit 1140 1141 1140 1138 1139 1135 1135 1138 Ve
1128 1126 vs2 1162 1160 1165 1162 1158 va1
1138 1137 1138 1137 1137 1238 1236 1239 1237 1241 1236 1237 1237 v10
1159 1161 1161 1158 gsz 1251 1249 1251 1250 1254 1248 1248 1248 Us1
31
1242 1241 1244 1243 1246 v10 1256 1256 1255 30
1273 1268 1269 1279 1266 Vag
1253 1252 1254 1253 1289 1289 1290
1266 1261 1%20 1%%%2 Va0 1293 1291 1293 1296 1291 1293 1293 1293 Uso
1281 1277 1586 1280 1278 1307 1305 1307 1307 1306 130413 415,04 1305 Vo
1296 11225;5 1122561 11229853 1289 1351 1354 1353 1353 1353 1355 vs
1362
1349 1350 1352 1350 1348 vg
367 1306 361 13e1 1360 o 1367 1363 1364 1366 1316?;365 13%3%65 1365 Vag
1376 1381 1369 1372 1371 1371 1371 1375 1375
1397 1392 1396 1388 1380 1383 1386 1380 1379 1380 1379 vas
1405 1400 1400 1387 1387
1410 1411 1307 1407 1396 1396 1396 1396 1395 1395 vi)
1446 1442 1442 1446 var 1400 1402 1402 1399 1399 vol)
1457 1454 1}121334 1455 . vas 1408 1410 1410 1408 1413 1405 1405 vag
1446 1444
1472 1479 1475 1473 d vas 1447 1447 e
1487 1486 1488 d Vi 1453 1452 Ve
1499 d Us 1470 v2s
2876 2875 2875 1473 1476 1469 1469 vas
2886 2885 2885 2882 1493 1486 1487 1485 1485 vs
2902 2964 2965
ggig ggig 2920 2871 2870 2875 2875
2881 2887 2878
2970 2974 2974 2966 2894 2891
2991 2990 2907 2910 2907 2910
3002 3003 3001 2922 2925 2922 2921
2MeOH stands for methanol. assgnt is the fundamental band 2330 oS oas S9s8 o938
assignment. For bands in parentheses, their assignment as fundamentaf 2066 2969
was not certain, and they were not used in the scaling of the force 2975 2975
field. P The 12c4-alkali metal cation complex synthesized using ) ]
methanol as a solvertThe 12c4-alkali metal cation complex abcSee corresponding footnotes in Table 2.
synthesized using 4 as a solvent! There is one broad band in this
region.

There are two reports of X-ray studies of the structure of
IR and NMR study of free 12c4 and its'Ltomplex that both 12c4-Na" complex#546 Both studies show that the complex
species adopt a squa@ conformation® in the solid phase has @, structure. Using X-rayCs*’ C;,*8
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andC4* conformations have been reported for the 12C4~2",
—Mg?*, and —Ca&*" complexes, respectively. J\JL,\J\M
In view of these conflicting results about the conformation,
or conformations, assumed by 12edlkali metal cation com-
plexes and the absence of a detailed vibrational study of these A/_/\’\J\_/\L
complexes, it was felt that such a study would be necessary.
This would be also in line with our previous studies of the
conformational and vibrational analysis of crown ethers. The

aim of the present report is then to measure the vibrational, 900 50 300

Raman, and IR spectra of the five 12edlkali metal cation _ Famansnitem _
complexes. In addition, to compare between the experimental Figure ‘;; Rt’?‘m?” Specga of the solid plhase of Lhe three +2¢4-
and calculated vibrational spectra of these complexes assuming!©P): N& (middie) and K’ (bottom) complexes in the 9550 crm-

. . ... fegion. The Figure shows a shift of the position of some bands of the
any of the possible conformations of the complexes. This is in 15.4 | i+ complex compared to the corresponding bands of the Na
an effort to determine in which conformation these complexes and k+ complexes.
exist in. Finally, aided by accurately calculated scale quantum

mechanical (SQM) B3LYP force field, the fundamental vibra- the Hay and Wadt's 10-valence-electron effective core potential

tional frequencies of the complex are assigned. (ECP) with a (5s4p)/[3s2p] valence basis set was 8&dthe
basis set has an additional six-tedrtype polarization functions
Experimental Details with exponents ofyy = 0.48 for K, aq = 0.24 for Rb, andyqy

= 0.19 for Cs. For simplicity, this basis set will be termed the
6-31+G* basis set. The additional diffuse function in the

6-31+G* basis set was used to minimize the basis set
superposition error and for its known necessity for accurate
computation of the properties of the metal cation complexes.

by placing the mixture in a closed desiccator under vacuum The basis set used for the K, Rb, and Cs atoms is the same as
whereby crystals of the complex were formed. Some of the 0 .
that used by Feller el al. for similar computations of 12c4

complexes were obtained in an emulsified form that did not . . 37.38.61
e and 18c6-alkali metal cation complexed.37.38
form a precipitate. To these complexes, ether was added. Upon o ) . .
All ab initio computations were performed using the Gaussian

evaporaﬂon of the ether, crystals of the complexes were 98WA2 and Gaussian 038 programs. The Gaussian program
obtained. L .
default parameters of geometry optimization and force field

FT-IR spectra were measyred using a Thermo Nicolet Ngxus calculations were used. The force fields and dipole derivative
870 FT-IR instrument. The instrument uses a KBr beamsplitter . ; ) :
tensors were calculated analytically. Since analytical polariz-

and an InGaAs detector. Typically, between 128 or 256 scans bility derivati ilable in th . ¢
were collected with a resolution of 1 cth Solid samples were ability derivatives are not available in the current version o
measured as KBr pellets. Solution samples, in methanol Werethe Gaussian program, these were calculated numerically.

. pe : pies, In o The selection of the internal coordinafés®® conversion of
measured using a fixed path length cell equipped with KBr X . ) . ;

. : . the Cartesian coordinate force fields to internal coordinate force
windows. The path length of the cell was varied using Teflon fields 6567 i fihe i | di ¢ 165,69
spacers of different thicknesses ields>%" scaling o the internal coordinate orce fi ,

The ET-Raman spectra weré measured using a Thermoand refinement of the scale factors were done using the SCALE2
Nicolet Nexus FT-R(Eman spectrometer. The inst?ument usesprograrﬁo and were performed as was detailed elsewfere.

b : They are mentioned here for completeness. The SCALE2

@g\?érlgggrlic:]ggjgt/givgﬁé:;tl;]rgfl\ggfurﬁm;t)s(_??;gpgg;;_ program has the advantage qf minimizing human interference
splitter, a 180 sample configuration and an Ir;GaAs detector and consequent error. In the first step of the program, fr_om the
Betweén 1024 and 4096 scans at a resolution of Alamere " frequency job archive of t.he Gaussian program output file, thc_e
collected. To maximize the signal-to-noise ratio and due to the program generates foqr files of th? molepule Car.tes[an coordi-
weak sca.ttered light from the complex samples, a laser powernates’ Ca_rte3|_a_n coor_dlngte force field, dipole derivative tensors
of up to 1.0 W was used ’ and polarlzablll_ty derlvatlves._ In the second step, the program
’ ' generates the internal coordinates that are used to convert the
Cartesian coordinate force field, dipole derivative tensors and
polarizability derivatives to their internal coordinate counterparts.
Conformational analysis of the five 12e4lkali metal cation In the third step of the program, the internal coordinate force
complexes, to predict the possible conformations of the com- field is scaled according to the equation
plexes, was reported in a previous publicafiérCartesian
coordinate force fields were calculated, at the corresponding F*%=F, " ¢)"?
optimized geometries, for six of the eight predicted conforma-
tions. The other two conformations ha@esymmetry and were ~ wherec; andc; are the scale factors of the internal coordinates
not considered. The six conformations considered have sym-i and j, respectively. The reproducibility of the frequencies
metries of, in energy orde,, Cs, Cs, Cy, Cy, andCs, as calculated by the Gaussian program is checked using a scale
detailed in ref 31. Notice that for the ticomplex in all levels factor of 1.0. To aid in the initial assignment of the fundamental
considered in ref 31, except at the HF/3-21G level, the energy vibrations from the experimental spectra, the internal coordinate
order of the firstC, and secondCs conformations is reversed force fields are scaled with an initial scale factor of 0.9633
and the thirdCs conformation collapses to the secor The experimental fundamental vibrations were then assigned
conformation. The force fields were calculated at the B3LYP to the calculated frequencies in frequency order taking into
level due to its known excellent accuracy to CPU time réftio.  consideration the IR and Raman intensities. As the number of
As was detailed in ref 31, the 6-315* basis set was used for  assigned bands increased, the number of scale factors was
all atoms except for the K, Rb, and Cs ato#h856 For these, increased and the scale factors were varied, to minimize the

12c4-alkali metal cation complexes were synthesized by
heating for 2 h, under reflex in methanol or in aqueous solution,
a slight excess of an equimolar amount of the alkali metal
chloride salts and 12c¢#4.The solvent was allowed to evaporate

Computational Details
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TABLE 4: FT-Raman and FT-IR Frequencies (cm?) and cation size. While the €C bond length is unchanged for the
Assignment of 12c4-K* Complex* five complexes, the €O bond length of the Cscomplex is
Raman R shorter by 0.01 A than that of the Licomplex. Also, the two
MeOHP H,0° MeOH? CCO bond angles increased by about 4 degrees. There is a large
solid MeOH solid MeOH solid assgnt increase of the M@Cs bond angle by about 14 degrees, although
140 136 141 e the other MQCs bond angle increased by less than 2 degrees.
191 189 188 g0 In addition, there is a large decrease of the 1@&L; dihedral
208 220127 o1o angle by about 20 degrees, as the largé €sion is displaced
531 539 534 538) out of the ring plane compared to that of the smaller tation.
19 . . . . .
269 264 265 vsg These previous differences are monotonic in going from the
301 304 301 v1g smallest L cation to the largest Cscation.
343 349 344 17 ;
356 359 360 veg While the C-O bond lengths calculated at the MP2 and
375 376 376 B3LYP levels are close to each other within 0.003 A, the@
?1% igg 413 419 Vs bond lengths calculated at the B3LYP level are too short by
492 497 492 vag not more than 0.01 A, compared to those calculated at the MP2
549 vs7 level. The M—O bond length of the Lli complex is calculated
o o oo Jo1 V16 to be equal at the MP2 and B3LYP levels, while for the'Na
U35 o e
308 804 810 808 ves complex it is calculated to be too long by about 0.06 A at the
814 816 MP2 level compared to that at the B3LYP level. Using the
ggg ggg 36“1’ 848 846 v1s effective core potential basis set for the’ KRb", and C$
915 910 914 916 913 Ug; cations for the corresponding 12c4 complexes, theMengths
1025 v13 are calculated to be too short by about 0.06 A at the B3LYP
igzg igig 1031 vsa level compared to that at the MP2 level. There are two reports
1059 1055 v of the X-ray experimental geometry, to the best of our
1097 1097 1094 1094 Us3 knowledge, of only the Na complex#>4¢ The calculated
1116 1112 1115 1111 11 i i i
1136 1138 1130 1134 L geometries at the B3LYP and MP2 _Ievels in Table 1_are in good
1162 1163 1162 Vo agreement with these X-ray experimental geometries.
1238 1243 1237 1237 v10 Experimental Vibrational Spectra of the 12c4—Alkali
1253 1256 1250 1250 1248 Zi; Metal Cation Complexes.The Raman spectra in the 160
1254 30 1600 cn1? region of the Li", Nat, and K" complexes in the
1267 1258 1259 solid phase and the IR spectra in the 40®00 cnT? region of
i%f i%; 1%2 1291 11222% veo the five 12c4-alkali metal cation complexes of the solid phase
1304 1304 1305 1306 1303 Ve are shown in Figures 2 and 3, respectively. No reasonable
iggg iggg ﬁ?(l) iggg vg Raman spectra could be obtained for the*Rénd Cg
Va9 i i i i -
1379 1377 1379 1378 v complexes, even using samples ;ynthesme_d using either metha:
1392 1386 1391 1388 o nol or water as a solvent, as will be detailed shortly. Tables
1401 1400 1401 1399 vag 2—4 list the Raman vibrational frequencies of the solid and
1410 1407 1410 12285 v21 methanol solution phases of thetLiNa*, and Kt complexes,
1450 1450 U:; in addition to the Raman frequencies of the water solution phase
1467 Va6 of the Li* and Na complexes. The IR vibrational frequencies
1471 1471 1472 V6 of the three Lt, Nat, and K complexes of the solid phase are
1485 1485 1483 vs : .
2871 2871 2865 also added in Table 3. The assignment of the fundamental
2886 2886 2882 vibrations is included in Tables-24. The Raman vibrational
2906 2906 2908 frequencies of the methanol solution reported in ref 40 are added
2929 2928 2926 in Tables 2 and 3 for the Hand Na | ol
2938 2939 2934 in Tables 2 and 3 for the Llian complexes, respectively.
3342 It has been reported that the solvent used in the synthesis of
) ) > the crown ethermetal complexes affects the stability of the
*beSee corresponding footnotes in Table 2. formed complexed In the current study, the complexes were

) . o synthesized using methanol as a solvent. To study the effect of
difference between the calculated and experimental vibrational ine solvent used in the synthesis of the complexes, theNa*

frequencies, as indicated by the rms deviation of the difference 5,4 K+ complexes were also synthesized using water as a
between the calculated and assigned experimental vibrationalgg|yent, The Raman vibrational frequencies of the aqueous phase
frequencies. of the Li* complex, the solid and aqueous phase of theé Na
complex and the solid phase of the" Komplex are included
in Table 2. In addition, the IR vibrational frequencies of the
Structure of the 12c4—Alkali Metal Cation Complexes. solid and methanol solution phases of the"Namplex are
Figure 1 shows the structure and atom numbering ofGhe  added to Table 3. In the IR spectra of thetNamplex of the
conformation of the 12c4alkali metal cation complex. Table  solid phase, Table 3, the difference between the frequencies of
1 shows the geometry of this conformation at the B3LYP and the corresponding bands, when methanol and water were used
MP?2 levels using the 6-31G* basis set. The details of the MP2  as solvents in the synthesis of the complex, is about 1 or2,cm
computations are as given in ref 31. It can be noticed from the but it can be as large as 6 cifor very weak bands. For the
data in Table 1 that there is an increase of the displacement ofRaman spectra of the solid phase, the difference is also 1 or 2
the metal cation out of the ring plane,\ND bond length, where ~ cm™1, but for some bands, the difference is as large as 6'cm
M refers to alkali metal cation, by the increase of the metal such as forvyg. These small band position differences in the

Results and Discussion



12-Crown-4-Alkali Metal Cation Complexes

TABLE 5: Vibrational Frequencies (cm™1), in Energy
Order, of the C4, Cs, Cs, Cy,, Cy, and Cs Conformations of
the 12c4-K+ Complex. The Vibrational Frequencies Are
Scaled with a Frequency Scale Factor of 0.963

n

o

Cs

Cs

Cs

Co,

Ca

Cs

. exp sym freq sym freq sym freq sym freq sym freq sym freq

140
189

OCO~NOURARWNE

(217)
10 239
11 269

13 304
14 349
15 356

17 398
18 497
19 549

21 597
22 795
23 808

25 848
26 902

28 915

30 1024
31 1030

33 1045
34 1059
35 1095

37 1116
39 1135
41 1162
42 1237
43 1250
45 1250
46 1254
47 1291
49 1306
50 1348
51 1365
53 1377
54 1386
55 1400
57 1407
58 1450
59 1449
61 1471
63 1467

65 1485

> mMW» mMW> MW> mMWE> ME> Mo M>PW mM>>> MW mM>E mME> mM>m mM> mM>P>E> mME> Mow m>> mM>PE mM>E mMow

54 A’
112 A
122 A

A
135 A”
149 A
184 A

A
195 A"
234 AN
259 A"

282 A"
331 A
346 A"

391 A
472 A’
528 A

570 A"
763 A
782 A"

825 A
879 A"
882 A"
893 A"

998 A
1002 A"

1019 A
1029 A"
1072 A"

A
1092 A"
1100 A"
1114 A

A
1136 A
1218 A"
1229 A

A
1240 A
1249 A"
1272 A

A
1286 A
1338 A"
1354 A"

A
1369 A"
1380 A
1386 A

A
1389 A"
1453 A"
1454 A

A
1455 A
1459 A"
1468 A"

A
1482 A
2913 A"
2919 A

A
2922 A
2938 A"
2941 A

A
2944 N
2953 A
2957 A"

A
2964 A
3004 A"
3005 A

A
3006 A’

56 A"
103 A
116 A
129 A
149 A"
156 A"
168 A
187 A
208 A
249 A"
250 A"
266 A
267 A
320 A’
342 A
361 A
440 A’
482 A
498 A
567 A
575 A"
757 A
780 A"
786 A
832 A
873 A"
879 A"
891 A
893 A"
994 A"

1002 A
1014 A
1019 A
1037 A"
1081 A
1086 A"
1095 A"
1112 A"
1114 A
1118 A"
1142 A
1223 A"
1228 A
1234 A"
1242 A
1246 A’
1267 A
1273 A"
1301 A
1337 A"
1355 A"
1359 A
1369 A"
1375 A
1387 A"
1388 A
1402 A
1443 A"
1455 A"
1459 A
1459 A
1467 A"
1471 A"
1482 A
1491 A
2909 A"
2914 A
2915 A"
2919 A’
2031 A
2932 A"
2940 A
2943 A"
2948 A"
2949 A
2958 A'
2967 A"
2996 A’
2996 A"
3000 A"
3002 A'

66
94
109
131
140
145
149
180
213
235
249
254
304
306
321
386
394
505
507
541
544
781
785
796
822
866
888
897
901
984
1001
1030
1031
1036
1067
1085
1093
1112
1121
1123
1143
1211
1224
1232
1250
1251
1264
1266
1277
1330
1347
1356
1370
1374
1379
1400
1411
1452
1458
1458
1463
1469
1473
1479
1487
2873
2878
2912
2918
2933
2935
2939
2939
2949
2949
2954
2956
2993
2993
2998
2998

47
88
114
139
142
154
162
191
194
222
242
248
289
299
337
411
422
500
507
549
570
753
757
801
833
866
879
887
889
985
1002
1025
1032
1033
1078
1089
1095
1112
1115
1125
1148
1227
1227
1243
1244
1247
1265
1295
1303
1334
1351
1360
1372
1378
1379
1403
1406
1447
1447
1456
1456
1456
1474
1474
1492
2905
2910
2911
2915
2934
2934
2936
2937
2941
2944
2954
2955
2997
2997
3000
3000

63 A"
105 A
106 A"
130 A
131 A"
141 A
153 A
153 A
201 A
206 A
219 A
268 A
292 A’
302 A
316 A"
380 A
396 A
506 A"
509 A
515 A"
534 A
791 A
796 A"
802 A
811 A
873 A"
891 A"
899 A
906 A"
986 A"
1002 A
1021 A
1030 A
1050 A"
1069 A
1086 A"
1109 A"
1117 A
1127 A"
1128 A"
1133 A
1201 A"
1212 A
1218 A’
1227 A
1245 A"
1254 A
1257 A"
1268 A
1324 A"
1338 A"
1351 A
1355 A"
1377 A
1386 A
1395 A"
1405 A
1453 A"
1453 A
1471 A"
1473 A"
1477 N
1479 A"
1488 A
1491 A
2849 A"
2849 A
2855 A"
2856 A
2931 A
2932 A"
2932 A"
2934 A
2942 A"
2943 A
2946 A"
2947 A
2992 A"
2992 A
2993 A"
2994 A

—26
57
106
111
131
136
162
175
198
204
243
266
274
331
340
354
442
484
499
543
551
759
792
796
817
866
888
899
901
993
999
1014
1023
1037
1071
1085
1089
1108
1110
1134
1143
1215
1226
1235
1237
1251
1266
1269
1353
1334
1348
1355
1369
1378
1390
1398
1402
1440
1453
1456
1464
1464
1473
1476
1490
2844
2853
2916
2918
2930
2931
2939
2941
2954
2955
2970
2978
2998
3000
3001
3002
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Figure 5. Experimental and calculated Raman spectra of the +2c4

K* complex using unscaled frequencies. The Raman intensity of the
third lowest energyCs conformation was not calculated. See text.

solid phase spectra are most probably due the crystal structure
and orientation. In addition, these small band position differences
are not associated with intensity differences and exist only in
the Raman spectra and not in the IR spectra. Consequently, it
is reasonable to assume that these small position differences in
the Raman spectra are only due spectral reasons rather than
being due to conformational change. The case is similar for the
LiT and K" complexes. It can be concluded, for the 12c4
alkali metal cation complexes, that the solvent used in the
synthesis of the complexes has no effect on the conformational
stability of the formed complexes. It is probable that this effect
might be significant for the larger 18elkali metal cation
complexes with a larger and more flexible ring and consequently
less energy gap between the possible conformafio#s’3

All bands reported in ref 40 of the Raman spectrum of the
Na" complex in the methanol solution phase, Table 3, are
observed in the current study, also in the Raman spectrum for
the same methanol solution phase, and at a position difference
of not more than 2 cm. This is also observed for the ii
complex, Table 2, except for bands at 252, 262, and 579 cm
that are not observed in the current study. Instead, the 252 and
262 cnt! bands are observed only in the Raman spectrum of
the solid phase, while the 579 cfband is not observed in
any of the measured spectra in the current study. Unlike the
case of the Na complex, the position difference between the
bands observed in the current study and that in ref 40 of the
Li™ complex is about 4 cm and as large as 6 crh for the
Raman spectrum measured in same methanol solvent.
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E representation of thé, point group, the comparison concludes
C that the three complexes exist in tBg conformation. Table 5
shows such comparison for the 1264" complex. The
vibrational frequencies are scaled with a one frequency scale
factor of 0.963! Although no Raman spectra could be obtained
for the R and C$ complexes, the similarity between the IR
sz spectra of the five complexes clearly shows that the five
complexes exist in the same conformation. The existence of
the five complexes in th€, conformation is a reflection of the
fact that the five alkali metal cations are larger than the ring
cavity of 12c4. Scaling of the force field was then conducted
using the B3LYP/6-31G* force field of theC,4 conformation.
The conclusion that the Nacomplex has &, structure is in
agreement with X-ray result that this complex exists in @e
conformatior’t>#6 This is the only complex of the 12ealkali

C metal cation complexes for which, to the best of our knowledge,
s an X-ray result has been reported. Figures 5 and 6 compare
etween the experimental and calculate aman an ,

N bet th tal and calculated R d IR

respectively, spectra of the 12eK™ complex. Because of an

C unsolved problem in the computations, no Raman intensities
were calculated for the third lowesIs conformation. Both
figures, Figures 5 and 6, show a better agreement between the
experimental and calculated Raman and IR spectra assuming a
C, conformation of the complex.

C4 Table 6 compares between the calculated, unscaled, vibra-
tional frequencies of the five 12e4lkali metal cation com-
plexes of theC, conformation. The data in Table 6 reflect the
similarity between the calculated vibration spectra of the five

Exp. complexes as observed experimentally, Figures 2 and 3 and

Tables 2-4. This is only with the exception of the region below

400 cntl, This region is characterized by the vibrational modes

involving the alkali metal cation, where the difference between

. : : : : . : : , the calculated geometries of the five alkali metal cations,

1500 1400 1300 1200 1100 1000 900 800 700 described before, is reflected by the difference between the

calculated spectra in this region. For example, for the 32c4

K* complex, the calculated TED shows a large contribution of

the K*—0O stretching mode for theyg, vz, v3s, V39, Us9, aNdves

vibrational modes. Notice also that these bands, compared to

the other intense bands, are of modest intensity to have a

of the five 12c4-alkali metal cation complexes are so similar significant influence on the measured experimental vibrational

that it is reasonable to conclude that the five complexes exist spectrg. _ _
in the same conformation. As will be seen shortly, it is  Scaling of the Force Fields of theC4 Conformation. 12c4-

concluded that the five complexes exist in theconformation.  alkali metal cation complexes are large ring molecules with 81
There is a shift of the position of some bands of the Li normal modes of vibration. While free 12c4 has no redundant
Comp|eX, Compared to those of the other four Comp|exes_ Figure internal coordinate®, due to symmetry and the additional alkali

4 compares between the Raman spectra of the solid phase ofmetal cation, 12c4alkali metal cation complexes have 90
the 12c4-Li*, —Na', and —K* complexes in the region of ~ redundant internal coordinates that were generated by the

950-750 cnt. For exampleyss of the 12c4-Li*, —Na', and SCALE2 program. This set of 90 internal coordinates was
—K* complexes is at 931, 918, and 915 émrespectively, reduced to 81 nonredundant internal coordinates. The nine
while usg of the same complexes is at 802, 802, and 808%cm  Vibrations corresponding to the redundant coordinates were
respectively. The shift of the position of some bands of thie Li  calculated to be zero. A set of eight scale factors were used in

Comp|ex is not necessar”y toward h|gher energy. For examp|e’the scaling of the force fields. The values of the scale factors
vs3 of the 12c4-LiT, —Na', and—K* complexes is at 1082,  were estimated after comparison between those determined for

1098, and 1095 cri, respectively. free 12c4® and those determined by Rauhut and Pulay as
The similarity between the vibrational spectra of the five average scale factors of a set of 20 molectiéssing this initial

12c4-alkali metal cation complexes, as presented by the data Set of scale factors, without varying the scale factors, the rms

in Figures 2 and 3 and Tables-2, suggests that the five alkali ~deviations of the difference between the calculated and experi-

metal cation complexes exist in the same conformation. Mmental vibrational frequencies for the “Li Na“, and K*

Comparison was made between the experimental and calculate¢omplexes were 11.0, 6.4, and 5.9 Thespectively.

vibrational frequencies for six of the eight predicted conforma-  The definition of the internal coordinates, used in the

Wavenumbers (cm-1)

Figure 6. Experimental and calculated IR spectra of the 12k4
complex using unscaled frequencies.

It is clear from Figures 2 and 3 that the vibrational spectra

tions reported in ref 31 of the 12e4i*, —Na', and —K* conversion of the internal coordinate force fields to the Cartesian
complexes that are of symmetries higher thanGheymmetry. coordinate force fields, the initial and final values of the eight
These six conformations, in energy order, areCaf Cs, Cs, scale factors of the force fields of the three 12¢4", —Na,

Cz,, Cz,, andCs symmetries. Because of the doubly degenerate and—K™ cation complexes, and the corresponding rms devia-
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TABLE 6: Comparison between the Calculated, Unscaled, Vibrational Frequencies (cmd) and IR and Raman Intensities for
the Five 12c4-Alkali Metal Cation Complexes of the C, Conformation?

Li* Na* K+ Rb* Cs'
no. sym. freq IR Ra freq IR Ra freq IR Ra freq IR Ra freq IR
1 A 3141 24 38 3129 37 46 3120 58 48 3116 69 49 3112 79
2 3087 0 308 3079 5 91 3077 13 50 3075 16 59 3072 18
3 3079 6 313 3067 15 539 3056 24 637 3051 29 651 3045 35
4 3037 82 226 3039 68 199 3034 54 148 3030 50 129 3024 48
5 1542 12 9 1539 11 11 1539 9 13 1540 8 13 1540 7
6 1512 1 9 1511 2 11 1510 3 12 1510 3 13 1509 3
7 1432 0 1 1434 0 1 1432 1 1 1434 2 1 1434 2
8 1385 2 2 1388 2 2 1389 2 2 1390 2 2 1391 2
9 1327 18 4 1333 20 4 1335 21 5 1337 20 5 1339 21
10 1256 6 5 1263 4 4 1264 4 4 1266 5 4 1267 5
11 1136 5 3 1133 0 1 1141 0 2 1144 0 2 1148 0
12 1057 5 0 1060 0 4 1057 0 4 1057 0 4 1058 0
13 1026 63 1 1032 72 1 1036 76 1 1038 77 1 1039 79
14 920 0 0 915 0 7 912 0 8 910 0 8 910 0
15 871 33 20 861 38 17 857 43 15 854 44 14 854 46
16 603 2 3 596 1 3 592 1 3 593 1 3 593 0
17 384 44 5 354 9 4 344 8 2 340 7 1 337 0
18 322 31 1 310 1 2 292 0 3 289 0 3 287 7
19 311 0 0 244 6 1 243 2 0 247 1 0 247 1
20 205 0 1 195 22 0 155 21 0 110 10 0 88 7
21 B 3140 0 40 3128 0 39 3119 0 39 3115 0 39 3110 0
22 3086 0 66 3074 0 56 3066 0 42 3062 0 35 3057 0
23 3076 0 115 3062 0 97 3050 0 86 3046 0 81 3039 0
24 3024 0 28 3026 0 50 3024 0 82 3023 0 96 3018 0
25 1525 0 2 1517 0 2 1515 0 1 1513 0 2 1513 0
26 1511 0 27 1509 0 27 1509 0 27 1508 0 26 1507 0
27 1436 0 1 1440 0 0 1442 0 0 1444 0 0 1445 0
28 1418 0 2 1420 0 3 1422 0 4 1422 0 4 1423 0
29 1287 0 10 1293 0 26 1297 0 33 1300 0 34 1301 0
30 1275 0 19 1286 0 6 1287 0 2 1289 0 1 1289 0
31 1173 0 2 1177 0 2 1180 0 2 1181 0 2 1181 0
32 1128 0 1 1132 0 3 1133 0 3 1135 0 3 1137 0
33 1064 0 3 1062 0 0 1068 0 0 1071 0 0 1073 0
34 928 0 7 915 0 0 916 0 0 915 0 1 916 0
35 782 0 8 786 0 9 792 0 9 793 0 9 795 0
36 496 0 4 493 0 4 490 0 4 488 0 3 487 0
37 403 0 0 409 0 0 406 0 0 406 0 0 406 0
38 234 0 0 216 0 0 202 0 0 198 0 0 194 0
39 171 0 0 159 0 0 140 0 0 136 0 0 136 0
40 108 0 0 124 0 0 117 0 0 112 0 0 103 0
41 63 0 0 69 0 1 56 0 1 47 0 1 45 0
42 E 3140 5 93 3129 8 91 3119 14 88 3115 17 86 3111 19
43 3086 63 20 3075 65 44 3069 57 61 3067 51 63 3062 46
44 3077 13 23 3064 31 30 3053 61 33 3048 79 37 3042 94
45 3030 2 4 3033 3 2 3030 5 4 3027 6 7 3021 7
46 1532 12 6 1525 12 4 1524 11 4 1523 11 4 1524 11
47 1511 14 1 1510 14 1 1509 14 1 1509 13 1 1508 12
48 1436 1 1 1438 1 1438 2 1 1440 3 2 1441 3
49 1402 27 0 1405 29 0 1406 31 1 1407 32 1 1408 33
50 1314 30 7 1320 28 6 1321 27 7 1323 25 7 1324 25
51 1263 24 1 1273 24 1 1276 24 2 1279 24 2 1280 24
52 1154 55 1 1154 69 1 1156 88 1 1157 98 2 1159 108
53 1102 245 4 1108 215 3 1113 187 2 1116 175 2 1118 162
54 1037 21 3 1039 16 2 1041 14 2 1042 13 2 1043 12
55 943 43 0 930 50 0 927 49 0 925 50 0 925 48
56 810 1 0 810 0 0 812 0 0 812 0 0 814 0
57 559 18 0 551 13 0 548 12 0 549 12 0 549 12
58 439 78 0 409 0 0 406 0 0 406 0 0 406 0
59 351 6 0 290 14 0 269 5 0 264 4 0 260 3
60 286 3 0 214 20 0 191 18 0 193 16 0 192 16
61 176 9 0 183 1 0 127 9 0 94 5 0 75 4

2R and Ra are the IR and Raman intensities, respectively. No Raman intensity was calculated for chenflsx.

tions are given in Table 7. Since none of the vibrations scale factors are 50, 60, and 56 vibrational frequencies for the
corresponding to the -€€H stretching mode and most of the 12c4-Li*, —Na', and—K* complexes, respectively.

vibrations involving the Na butterfly mode were not assigned,  The experimental vibrational frequencies used in the scaling
the scale factors corresponding to thel€ stretching and Na  of the force fields and the corresponding calculated vibrational
butterfly modes were held fixed. The total number of the frequencies and Raman and IR intensities of@heonformation
experimental frequencies used in the determination of the final of three 12c4-Li*, —Na', and—K™ cation complexes are given
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TABLE 7: Natural Internal Coordinate Scale Factors? TABLE 8: Experimental and Calculated Vibrational
final Frequencies (cnmt) and Raman and IR Intensities ((4zes)?
ina A4 amu?) of the C, Conformation of the 12c4-Li*
coordinate description initial ] Na* K+ Complexé
Ri—Ry C—Cstretching  0.970 0.9858 0.9977 0.9785 calcd
Rs—Riz ~ C—Ostretching  1.022  1.0013 1.0106 1.0092
Rus M—Ostretching  0.940  0.8927 0.8477  1.0900 exptl IR Raman
ri3—rog C—Hstretching 0.920 0.9200 0.9200 0.9200 no. sym freq freq int int depo
ai—as;  CHpbending 0.940 0.9454 0.9417 0.9391
E1—Co ring bending 1.040 10426 1.0130 1.0494 % A 28%3 28-2 33?3 8-‘1’2
71— Ty ring Torsion 1.030 0.8968 1.0634 0.9784 3 2057 6'2 314'2 0'01
T10 MO buterfly> 0.940 0.9400 0.9400 0.9400 : : :
ms 77 56 51 4 2916 82.5 225.6 0.00
' ’ ' 5 1499 1499 11.8 8.7 0.75
@ Nonredundant internal coordinates. M refers to alkali metal cation. 6 1470 13 8.7 0.64
b Fixed. See text Including those which contain the M metal cation. 7 1400 0.0 13 0.04
8 1350 1345 2.1 2.2 0.32
. . . . 9 1289 1292 18.7 3.9 0.27
in Tables 8-10. Band_s for which their assignments as fur_lda- 10 1241 1222 6.7 5.2 0.36
mental was not certain, and were consequently not used in the 11 1113 1112 7.8 3.1 0.00
scaling of the force fields, are included between parentheses in 12 1048 1048 13 02 075
. i . 13 1020 1020 64.5 1.3 0.00
T_able_s 8-10. Inthe spallng of the force fields, th(JT experimental 14 907 908 1.2 04 0.18
vibrational frequencies of the methanol solution, whenever 15 862 865 27.7 20.1 0.07
available, were used, in most of the cases. Since the vibrational 18 603 605 13 22 010
tra of the three 12e4.i", —Na', and—K* complexes are v 1 302 252 50 0.90
spectra ol . ' : ) p .18 324 320 32.0 1.4 0.08
quite similar, Figures 2 and 3, the assignment of the experi- 19 305 298 0.2 0.2 0.26
mental to the calculated vibrational frequencies was revised so 3(1) B (199) 3 01195? (?bl A 8-57 8%8
that the same strong features in the spectra of the three 55 2963 0.0 66.1 0.75
complexes would correspond to the same mode in the calculated 23 2954 0.0 114.6 0.75
spectra. 24 2903 0.0 28.2 0.75
. . 25 1479 1482 0.0 2.3 0.75
A few remarks should be mentioned about the assignment g 1454 1468 0.0 26.9 0.75
of the experimental to the calculated vibrational frequencies for 27 1400 0.0 1.3 0.75
the three 12c4Li*, —Na", and —K* complexes. Except for %g i%g 8-8 1(1)-3 8-;2
' , , ,
v17 andvyg Of the L'| complex andvy7 and v1g of the I\.IaiF and 30 1261 1241 0.0 185 0.75
K+ complexes, which are observed as strong bands in the Raman 31 1159 1146 0.0 3.6 0.75
spectra at about 350 and 305 cinrespectively, most of the 32 1120 1123 0.0 1.0 0.75
other vibrational bands in the 15@00 cnT? region are very 3431 18?? lgfg 8'8 7277 8'7755
weak and difficult to assign. In addition, only Raman spectral 35 786 771 0.0 7.6 0.75
data are available in this region. Bands in the 2060 cnt?! 36 500 501 0.0 4.3 0.75
region are also broad and due to the overlap of bands in this gg ggggg ggg 8'8 8'% 8;?
region are not possible to assign. In the vibrational spectra of 39 (158) 164 0.0 03 0.75
the 12c4-Na* complex, three bands are observed in the-790 40 104 0.0 0.2 0.75
820 cnt! region, although, using the scaled force field, two 42 . 30‘152 g-g 92-52’ g-;g
bands are predicted to be in this region. Thg bar}d.observed at 43 2063 63.1 19.6 075
794 cm! was selected as a fundamental since it is observed 44 2955 13.3 22.8 0.75
and predicted as intense band in the Raman spectra. Two other 4> 2909 2.1 44 075
band bserved at 802 and 814 &rThe 802 cm band pE el s 18 >80
ands are observed a an e cm=ban 47 1446 1469 13.7 1.3 075
was selected, rather than the 814¢rband, as a fundamental 48 1398 1.1 1.0 0.75
in agreement with the scaled B3LYP vibrational frequency, at gg ig?g iggi gg-g 8-2 8-;2
1 PR o . . .
800 cn®. The 1346-1500 cn1* region is the most difficult 57 1252 1229 29.5 13 0.75
region to assign. It can be divided into two regions, the firstis 52 1137 1131 119.1 2.0 0.75
at 1340-1410 cn! and the second is at 1440500 cnrl. 2431 igg? iggg 1;?% g; 8-;2
Either region has Six bands, two of which arel:'of;ymmetry. 55 931 034 11 03 0.75
It was easier to assign the second 144600 cnt region, but 56 802 799 0.2 0.0 0.75
the difference between the calculated, using the scaled B3LYP 57 562 563 20.3 0.1 0.75
force field, and experimental frequencies in this region was as gg gﬁ ‘3“112 72';' 8'(2) 8;3
high_as 21 cmt. On the other hand, it was not simple to assign  go 282 281 48 01 0.75
the first 1346-1410 cn1? region, especially since some bands 61 (167) 170 9.5 0.1 0.75
were weak. Consequently, two calculated bands were preferred 2Here, sym, exptl, calcd, freq, int, and depo stand for symmetry,
to be left unassigned in this region. experimental, calculated, frequency, intensity and depolarization ratio,

. respectively. For the bands in parentheses, their assignment as
For the three 12c4Li™, —Na', and —K™ complexes, the  fyndamentals was not certain, and they were not used in the scaling of
values of the scale factors corresponding to thedGtretching, the force field.

C—0 stretching, and Ckbending modes, Table 7, are close to

each other, within 0.02 at the highest, and those of the ring corresponding to the ring torsion mode are also different, within
bending mode are close to each other, within 0.04. For théoM 0.17. Notice that in the vibrational analysis of free 12c4, for
stretching mode, the values of the scale factors for the threemost of the conformations considered in that study, a value of
complexes are different, within 0.24, although this can be about 1.05 was obtained for the scale factor corresponding to
rationalized in large part due to the three different M alkali metal the same ring torsion internal coordindtelhis value of 1.05
cations, Li*, Na", and K. The values of the scale factors is the closest to that of the Naomplex, in the current study,
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TABLE 9: Experimental and Calculated Vibrational TABLE 10: Experimental and Calculated Vibrational
Frequencies (cnt) and Raman and IR Intensities ((4res)? Frequencies (cntt) and Raman and IR Intensities ((4zes)?
A4 amu?) of the C, Conformation of the 12c4-Na* A4 amu?) of the C, Conformation of the 12¢c4-K+
Complexé Complexé
calcd calcd
exptl IR Raman exptl IR Raman
no. sym freq freq int int depo no. sym freq freq int int depo
1 A 3005 37.3 46.1 0.03 1 A 2996 58.1 47.7 0.02
2 2956 4.8 91.0 0.47 2 2954 13.1 50.3 0.61
3 2945 14.9 540.4 0.00 3 2934 23.8 637.0 0.01
4 2918 67.6 197.5 0.01 4 2913 53. 148.2 0.03
5 1486 1494 11.0 11.2 0.75 5 1485 1491 8.4 13.3 0.75
6 1453 1467 2.0 10.5 0.66 6 1471 1464 2.9 11.8 0.67
7 (1396) 1396 0.2 11 0.05 7 1386 1392 11 1.4 0.04
8 1354 1348 3.1 2.2 0.39 8 1348 1347 3.8 2.8 0.38
9 1305 1297 21.2 3.9 0.35 9 1306 1297 22.5 4.4 0.36
10 1237 1227 53 4.3 0.35 10 1237 1226 5.1 4.3 0.31
11 1115 1118 8.7 3.0 0.00 11 1116 1118 7.9 2.7 0.00
12 1064 1057 0.7 0.2 0.32 12 1059 1056 1.8 0.4 0.05
13 1028 1028 70.7 1.63 0.01 13 1024 1029 76.0 1.7 0.02
14 895 899 0.2 0.3 0.71 14 902 0.0 0.4 0.72
15 852 861 34.2 16.1 0.07 15 848 852 36.9 14.3 0.07
16 601 594 1.2 3.1 0.08 16 597 592 0.7 2.9 0.09
17 347 352 9.9 2.9 0.00 17 349 344 7.9 2.6 0.00
18 302 300 0.3 3.1 0.04 18 304 297 0.4 2.2 0.07
19 248 248 7.6 0.5 0.01 19 239 240 2.0 0.5 0.02
20 196 191 20.4 0.1 0.64 20 159 20.9 0.1 0.51
21 B 3004 0.0 38.7 0.75 21 B 2995 0.0 39.3 0.75
22 2952 0.0 55.7 0.75 22 2944 0.0 42.3 0.75
23 2940 0.0 97.1 0.75 23 2929 0.0 86.2 0.75
24 2905 0.0 50.0 0.75 24 2903 0.0 81.7 0.75
25 1470 1473 0.0 1.7 0.75 25 1468 0.0 1.8 0.75
26 1444 1465 0.0 26.7 0.75 26 1450 1463 0.0 26.3 0.75
27 (1400) 1399 0.0 0.3 0.75 27 1407 1398 0.0 0.3 0.75
28 1380 1378 0.0 2.7 0.75 28 1377 1378 0.0 3.6 0.75
29 1268 1258 0.0 27.5 0.75 29 1254 1259 0.0 34.2 0.75
30 1256 1251 0.0 35 0.75 30 1250 1251 0.0 0.7 0.75
31 1160 1158 0.0 35 0.75 31 1162 1158 0.0 3.4 0.75
32 1124 1133 0.0 1.1 0.75 32 1138 0.0 1.7 0.75
33 1049 1051 0.0 34 0.75 33 1045 1048 0.0 3.6 0.75
34 906 907 0.0 7.8 0.75 34 902 898 0.0 8.1 0.75
35 794 777 0.0 8.5 0.75 35 795 782 0.0 8.8 0.75
36 494 494 0.0 3.6 0.75 36 497 497 0.0 3.5 0.75
37 (414) 410 0.0 0.1 0.75 37 398 403 0.0 0.2 0.75
38 204 210 0.0 0.2 0.75 38 (217) 208 0.0 0.1 0.75
39 148 155 0.0 0.5 0.75 39 140 141 0.0 0.4 0.75
40 (131) 121 0.0 0.1 0.75 40 115 0.0 0.1 0.75
41 71 0.0 0.8 0.75 41 56 0.0 1.0 0.75
42 E 3004 8.4 91.5 0.75 42 E 2995 13.6 88.1 0.75
43 2953 64.8 43.4 0.75 43 2947 57.0 60.6 0.75
44 2942 31.4 29.8 0.75 44 2931 61.7 32.8 0.75
45 2912 3.1 2.0 0.75 45 2909 4.6 3.8 0.75
46 1476 1480 11.7 4.2 0.75 46 1467 1477 11.0 3.8 0.75
47 1447 1466 134 1.0 0.75 a7 1449 1463 12.8 0.9 0.75
48 1410 1399 2.2 1.2 0.75 48 1400 1397 2.4 1.3 0.75
49 1365 1363 27.5 0.4 0.75 49 1365 1362 29.2 0.6 0.75
50 1290 1284 351 5.9 0.75 50 1291 1284 35.6 6.3 0.75
51 1248 1239 31.6 1.4 0.75 51 1250 1239 33.1 2.0 0.75
52 1138 1140 145.9 2.4 0.75 52 1134 1141 177.2 2.9 0.75
53 1098 1100 132.8 1.8 0.75 53 1094 1100 88.2 1.1 0.75
54 1033 1033 14.3 2.3 0.75 54 1030 1033 14.9 2.3 0.75
55 918 920 45.0 0.3 0.75 55 913 914 43.7 0.3 0.75
56 802 800 0.1 0.2 0.75 56 808 803 0.2 0.2 0.75
57 553 552 12.9 0.1 0.75 57 549 551 111 0.2 0.75
58 368 364 6.6 0.1 0.75 58 359 360 6.5 0.1 0.75
59 285 282 10.8 0.0 0.75 59 269 272 6.0 0.1 0.75
60 215 215 25.9 0.2 0.75 60 189 188 17.0 0.0 0.75
61 181 182 0.1 0.0 0.75 61 130 8.8 0.2 0.75
aSee corresponding footnote in Table 6. a See corresponding footnote in Table 6.

which has the largest number of bands corresponding to thelt is reasonable then to assume that the values of the scale factor
ring torsion mode assigned. This value of 1.05 is most different corresponding to the ring torsion mode of the kiomplex are

from that of the Li complex. In a different calculation the scale not in error. In addition, this difference in the values of the
factors of the L complex were varied after all of the low scale factor, between that of theLand Na complexes, is
energy vibrational bands whose assignment as fundamentalsmost probably too large to be attributable to a wrong assignment.
were not certain, and thus are included between parentheses in The rms deviation, of the difference between the experimental
Table 9, were included in the refinement of the scale factors. and calculated vibrational frequencies, of the lcomplex is

The rms deviation became better, 6.8 @nbut the values of higher than that of the other two Nand K" complexes, Table

the scale factors were close to those in Table 7, within 0.004. 7. This larger rms deviation of the Lticomplex is attributed
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mainly to seven bands, out of the 50 bands assigned for this Acknowledgment. We thank Prof. P. Pulay of the University
complex. In a different calculation, these seven bands were of Arkansas for a copy of the SCALE2 program. We thank Prof.
excluded from the assignment. The rms deviation became 4.1T. A. Keiderling of the University of Illinois of Chicago for
cm~1and the values of the scale factors were almost unchangedcontinuous support and help. We also thank KASCT for their
within 0.009, including that of the ring torsion mode. Since the support under Project No. AR 21-45. A A.E.-A. thanks the
assignment of these seven bands was reliable, they were includedesearch center at the Faculty of Science, King Saud University

in the final calculations, as presented in Table 8.

Relative Energies of theC,4 and Cs Conformations of the
Li*t Complex. The vibrational study preformed in this report
predicts aC, structure of the 12c4Li* complex, as well as
for the other four alkali metal cation complexes. As was

mentioned above, in the previous conformational analysis report

of the 12c4-alkali metal cation complexed the C4 conforma-
tion was predicted to be the most stable conformation for the
four 12c4-Na*, —K*, —Rb*, and—Cs" complexes. For the
12c4-Li* complex, aCs conformation was calculated to be
more stable than th€, conformation by 0.16 kcal/mol at the
MP2/6-3H-G* level. The calculated binding energy predict a
C,4 or Cs conformation of the 12¢4Li* complex but could not
differentiate whether the complex exists in ti&@ or Cs

for research grant under Project No. Chem/24-25/09.

Note Added after ASAP Publication. This article was
published ASAP on June 28, 2006. A section heading was added
to the last paragraph in the Results and Discussion. The revised
article was reposted on June 30, 2006.
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