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ABSTRACT. The geometrical parameters, vibrational frequencies, and relative energies for 1,2-, 1,3-dioxetan

1,3-cyclodisiloxane have been investigated using high level ab initio quantum mechanical techniques with large bas

sets. The geometries have been optimized at the self-consistent field(SCF), the single and double excitation con

interaction(CISD), the coupled cluster with single and double excitation(CCSD), and the CCSD with connecte

excitations[CCSD(T)] levels of theory. The highest level of theory employed in this study is TZ2P CCSD(T). Har

vibrational frequencies and IR intensities are also determined at the SCF level of theory with various basis sets 

firm that all the optimized geometries are true minima. Also zero-point vibrational energies have been considere

dict the dimerization energies for 1,2- and 1,3-isomers.
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1.476Ë, �
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Table 1. Optimized geometrical parameters of aldehyde and silanone at various levels of theory*

CH2O
SCF CISD CCSD CCSD(T)

Exp.
DZ DZP TZ2P DZ DZP TZ2P DZ DZP TZ2P DZ DZP TZ2P

R(C-O) 1.217 1.188 1.178 1.249 1.209 1.195 1.259 1.218 1.203 1.264 1.223 1.210 1.a

R(C-H) 1.084 1.096 1.091 1.104 1.103 1.093 1.109 1.107 1.097 1.112 1.109 1.099 1.a

�H-C-H 116.7 116.2 116.2 116.8 116.2 116.4 116.9 116.2 116.4 116.9 116.2 116.5 11a

SiH2O
R(Si-O) 1.566 1.493 1.489 1.600 1.515 1.508 1.615 1.526 1.520 1.624 1.533 1.529 1.b

R(Si-H) 1.473 1.467 1.468 1.490 1.466 1.466 1.498 1.470 1.474 1.502 1.472 1.476 1.b

�H-Si-H 113.3 111.1 111.4 113.8 111.1 111.6 114.2 111.3 111.7 113.9 111.3 111.8 11b

*Bond lengths are in Å and bond angles are in degrees.
areference 27, breference 28
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J¦� �& 0.025Ë L� ò� i06 ¸ÒÓ&. �
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 k2 �^� �F�

1991� Liang � Allen� σ-bridged-π VJ06 ¶·�

%&.16 ô cyclobutane !� «� N µ���� õ


ö�� µ���( �c�2 N� 4|� �
 �JY
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Fig. 1. The optimized structures of (a) 1,2- and (b) 1,3-diox-
etane(C2O2H4) at the TZ2P CCSD(T) level of theory.

Table 2. Optimized geometrical parameters of 1,2-dioxetane at various levels of theory*

SCF CISD CCSD CCSD(T)

DZ DZP TZ2P DZ DZP TZ2P DZ DZP TZ2P DZ DZP TZ2P

R(C-C) ��1.535 �1.521 1.517 1.548 1.519 1.514 1.556 1.524 1.520 1.557 1.526 1.52
R(C-O) ��1.474 �1.424 1.423 1.509 1.436 1.434 1.533 1.452 1.452 1.541 1.458 1.46
R(O-O) ��1.474 �1.414 1.417 1.541 1.453 1.449 1.599 1.494 1.493 1.628 1.514 1.52
R(C-H) ��1.077 �1.085 1.079 1.093 1.089 1.078 1.103 1.096 1.086 1.104 1.097 1.08
�H-C-H 111.1 110.3 110.4 111.5 110.5 110.6 111.7 110.6 110.8 111.8 110.6 110
�C-C-H 116.4 116.5 116.5 116.1 116.2 116.3 115.9 116.0 116.1 115.8 115.9 116
�O-C-C 88.8 87.9 87.9 89.9 88.7 88.7 90.8 89.4 89.5 91.3 89.7 89.9

*Bond lengths are in Å and bond angles are in degrees. 
Journal of the Korean Chemical Society
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�01, C-O( ��°62 1980� Skancke13 !( 1.47Ë,

1985� Kudo� Nagase14( 1.404Ë, �
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Liang� Allen16( 1.404Ë !� k0¸ ); xh¹
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C-H), 86.9o(ÏC-O-C)6 =>y�01 �� ��
�(

#$V�� N�/ ^©� ³" �%&.

1,3-cyclodisiloxane( ��2 ý�� ­®9 1,3-

dioxetane( ��� ^©� íî)þ( µ���- �

� k01, � #$V�- Fig. 2� Table 4� ¸Òâ�

&. TZ2P CCSD(T)�� Si-O� Si-H( VJ¦�2 ¥

¥ 1.683� 1.469Ë06 #$y�01, VJ¥ ÏH-Si-

H2 110.9o, ÏSi-O-Si2 90.3o6 #$y�&. VJ¥ Ï

Si-O-Si2 1,3-dioxetane( ÏC-O-C(86.9o)� N�F�

3.4o L� Ü� ¸ÒÓ2Q, �2 Si� Si ©�( σ-

bridged-π VJÁ�: C� C ©�( σ-bridged-π VJ

Á� �& N�/ /�  ²�� ÏSi-O-Si( VJ¥�

Õ� i06 FÔ9&.  �,  1,3-cyclodisiloxane(

���� ª� <�/ sÿ� ��9 �: �01, �

� 8�V� ª� bc @�/DQ 1985� Kudo�

Nagase14( HF/6-31G* 
���( #$V�� 1989�

Kumar !� (� HF/6-31G��( #$V�: �u �

&. �� 1984� Fink !� H �½ methyl(CH3)� °

Table 3. Optimized geometrical parameters of 1,3-dioxetane at various levels of theory* 

SCF CISD CCSD CCSD(T)

DZ DZP TZ2P DZ DZP TZ2P DZ DZP TZ2P DZ DZP TZ2P

R(C-O) 1.455 1.406 1.404 1.486 1.418 1.414 1.505 1.431 1.429 1.512 1.435 1.4
R(C-H) 1.076 1.087 1.082 1.093 1.092 1.081 1.102 1.099 1.089 1.104 1.101 1.0
R(O…O) 2.070 2.030 2.025 2.123 2.054 2.047 2.155 2.076 2.072 2.164 2.084 2.0
R(C…C) 2.046 1.947 1.945 2.080 1.955 1.953 2.103 1.970 1.970 2.110 1.974 1.9
�H-C-H 112.8 110.9 111.1 113.2 111.0 111.3 113.5 111.2 111.5 113.6 111.2 11
�C-O-C 89.4 87.6 87.7 88.8 87.2 87.3 88.6 86.9 87.1 88.5 86.9 86.

*Bond lengths are in Å and bond angles are in degrees.

Fig. 2. The optimized structure of 1,3-cyclodisiloxane(Si2O2H4)
at the TZ2P CCSD(T) level of theory.

Table 4. Optimized geometrical parameters of 1,3-cyclodisiloxane at various levels of theory*

SCF CISD CCSD CCSD(T)
DZ DZP TZ2P DZ DZP TZ2P DZ DZP TZ2P DZ DZP TZ2P

R(Si-O) 1.741 1.661 1.655 1.765 1.672 1.663 1.780 1.683 1.678 1.784 1.686 1.6
R(Si-H) 1.468 1.464 1.465 1.480 1.460 1.459 1.492 1.466 1.467 1.494 1.468 1.4
R(Si…Si) 2.595 2.384 2.367 2.617 2.386 2.370 2.632 2.395 2.383 2.634 2.395 2.3
R(O…O) 2.320 2.314 2.313 2.369 2.343 2.333 2.397 2.366 2.362 2.407 2.375 2.3
�H-Si-H 112.7 110.7 110.6 112.6 110.7 110.9 112.6 110.7 110.9 112.5 110.7 11
�Si-O-Si 96.4 91.7 91.3 95.7 91.0 90.9 95.3 90.7 90.5 95.1 90.5 90.

*Bond lengths are in Å and bond angles are in degrees. 
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±9 [Me2SiO]2- <�� (�� sÿ�� X-ray ��

- ���%&.31 � �c ����2 ö�� µ�� Ý

n� Ø` ��� }~- ¢01(Ø 6o L�), Si-O V

J¦� ª� 1.66� 1.72Ë6 �6 &á i06 sÿ

y�01, 7 8�( Si-O VJ¦� 1.683Ë� � �

( µ�³� Í Î°�&� Þ 
 k&. ª� #$V�

D Si÷Si( VJ¦� 2.387Ë� <�°D [Me2SiO]2

( Si÷SiVJ¦� 2.310Ë�& 0.077Ë¦� ¸ÒÓ

&. �2 1,3-cyclodisiloxane�� Si� 
U�½ methyl

(CH3)( °±� (� ç¨Á� H�D i06 �L9&.

�
� 1,3-cyclodisiloxane( O÷O VJ¦� 2.375Ë�

Fink !( <�³D O÷O VJ¦� 2.470Ë �& 0.095Ë

 � #$y�&.

Vibrational Frequencies and Zero-Point Vibrational

Energies

Table 5� 1,2-, 1,3-dioxetanes �
� cyclodisiloxane

� �� ����
, IR ��	
( �_, �
� »¼

���� (ZPVE)- wavenumber(cm−1), km/mol, �


� kcal/mol �'6 ¥¥ ̧ Òâ�&. 1,2-, 1,3-dioxetanes

�
� cyclodisiloxane( ����
2 ); <
6�

�x/(0 K) �Æ��� �+ ��+� AL� x~(

.¤��  ��6 ���&2 i" CDf 
 k�&.

1,2-dioxetane� 11É( a' mode� 7É( a" mode: �


� 1,3-dioxetane� cyclodisiloxane( �c�2 7É(

a1, 2É( a2, 4É( b1, �
� 5É( b2 mode: :¬�&.

 �,  ��9 ����
� s� 8�6�2 1,2-

dioxetane� �� 1992� Dorofeeva� 1997� Lay( ��


�( �� #$V�: k01, 1,3-dioxetane� cyclo-

disiloxane� �F�2 1985� Kudo� Nagase� (�

��#$� �u�&. �3¸ �+( ����2 ¥¥

( mode� �� ��� assignment2 ­® y�k 

å
&.

Î[/06 SCF level��( ����
2 <�°�

NF Ø 10% L� Ü� #$� y2 i06 PKj k

01 �- ÖA��, ª� TZ2P basis set�� peak(

Table 5. Harmonic vibrational frequencies(in cm-1), infrared intensities (in km/mol), and zero-point vibrational energies(ZPVE
kcal/mol) of 1,2-dioxetane, 1,3-dioxetane, and 1,3-cyclodisiloxane at the SCF level of theory 

Assignments
sym
(Cs)

1,2-dioxetane
sym
(C2v)

1,3-dioxetane

assignments

cyclodisiloxane

SCF SCF SCF

DZ DZP TZ2P DZ DZP TZ2P DZ DZP TZ2P

CH str a' 3305 3242 3225(51) a1 3315 3221 3204(0) SiH str 2375 2408 2373(0)
CH str a' 3293 3230 3214(64) a1 3303 3207 3191(216) SiH str 2364 2388 2352(0)
CH2 bend-scissor a' 1686 1675 1675(0) a1 1707 1716 1719(0) SiH2 bend-scissor 1096 1135 1115(0)
CH2 bend-scissor a' 1664 1641 1645(0) a1 1679 1681 1682(14) SiH2 bend-scissor 1061 1101 1082(328)
C-O str a' 1127 1219 1208(87) a1 1151 1216 1207(0) Si-O str 863 961 955(0)
C-O str a' 972 1042 1024(16) a1 1111 1205 1197(314) Si-O str 851 929 924(538)
C-O-O(C) bend a' 913 935 934(9) a1 950 984 984(0) Si-O-O(C) bend 582 608 624(0)
CH2 bend-wag a' 1486 1513 1502(2) b1 1531 1590 1580(29) SiH2 bend-wag 1001 1088 1065(529)
CH2 bend-wag a' 1455 1449 1452(5) b1 1440 1468 1472(0) SiH2 bend-wag 908 968 957(0)
C-C(or O) str a' 1106 1154 1137(12) b1 1037 1121 1084(0) Si-Si(or O) str 672 738 732(0)
O-O(or C) str a' 984 1087 1060(15) b1 952 1085 1063(146) OO(or Si) str 671 722 719(0)
CH2 bend-twist a'' 1335 1313 1319(0) a2 1200 1241 1237(0) SiH2 bend-twist 634 689 676(0)
CH2 bend-twist a'' 1245 1269 1274(3) a2 1172 1221 1221(0) SiH2 bend-twist 627 674 660(0)
CH str a'' 3380 3301 3279(67) b2 3394 3270 3247(128) SiH str 2372 2396 2361(230
CH str a'' 3361 3282 3256(0) b2 3386 3264 3242(0) SiH str 2366 2392 2357(342
CH2 bend-rock a'' 1197 1233 1220(0) b2 1243 1285 1289(28) SiH2 bend-rock 785 822 807(251)
CH2 bend-rock a'' 895 865 867(0) b2 1177 1232 1226(0) SiH2 bend-rock 701 803 800(13)
Ring torsion a'' 119 80 34(0) b2 225 209 210(21) ring torsion 245 249 257(2)

ZPVE 42.2 42.2 41.9 42.9 43.2 43.0 28.8 30.1 29.6

Zero-point vibrational energies are 18.22, 18.16 18.06 kcal/mol for H2CO and 12.01 12.64 12.45 kcal/mol for H2SiO from going
to DZ, DZP, and TZ2P basis set at the SCF level of theory.
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��
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� 1514 cm−1�� ¥¥ rocking,
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6 sÿG i06 =>y1, 200 cm−1 ¿��� ring torsion

� ¸Ò� i06 =x9&. �� 1,3-cyclodisiloxane�

�F�2 Si-H stretching mode� �� ����
2

2120 cm−1 ¿��� ; É( bc ó� peak: sÿy

�r i06 =>y1, Si-O stretching� 832 cm−1��

�
� SiH2 bending mode2 726, 974 cm−1�� rocking

mode� scissoring mode� ��� ó� peak: ¥¥ s

ÿy�r i06 #$y�&. �
( torsional mode2

230 cm−1�� bc Ø� peak6 sÿ� �K� i06

=>9&. �
( torsion� �� ����
: bc  

� i� 4¥} µ���( qe�/ �ALM H�0

6 a¥9&.

Absolute and Dimerization Energies

Aldehyde, silanone, 1,2-, 1,3-dioxetanes, �
� cyclo-

disiloxane� �� ���� � dimer+� �� IJ�

� (dimerization energy)- Table 6� ¸q�%&. �

� �� k2 ³+� »¼ ���� - �K�� #$

� ³" ¸Ò�&. CISD( �c�2 �6 &á Ü_(

��� �� x��� - #$f H size consistency

�@: k0�6 Table 6� ���  å
&. Dimer+

( IJ�� (∆E)2 dimer: ; ��( monomer6

F
 G H � monomer+( ��  J� dimer( �

�  ³( Â�- ���, �_� »¼ ���� -

�L�� #$�%&. CCSD� CCSD(T)�� ZPVE

�L� «� basis set��( SCF V�� 0.9( ±$D

�- ©²�� #$�%01, ZPVE³� ¥¥( Table

5( ����
 Ý�� ¸Òâ�&.

1,2-dioxetane( IJ�� 2 TZ2P CCSD(T) level

�� 55.1 kcal/mol6 #$y�01, �_� ZPVE- �

LF �� 60.3 kcal/mol L�6 =>y�&. �2

aldehyde�� 1,2-dioxetane6( IJ[\� bc à �

q[\B" ̧ Ò�&. �� 1,3-dioxetane( IJ�� 2

TZ2P CCSD(T) 
��� 4.7 kcal/mol6 #$y�01

ZPVE- �L� V� 10.9 kcal/mol6�, 1,2-dioxetane

�& 50.4 kcal/mol �
� ZPVE �L � 49.4 kcal/mol

L� AL� i06 =>y�2Q � V�6 �Ý 1,3-

dioxetane� _¨ x~�� qe�/06 AL� �J

Y�1, <�/06 ��¹ ��y�r 
 k" i06

=xf 
 k&. Ý�3 #$V�6 �Ý 1,3-dioxetane

� 1,2-dimer� NF�2 �� AL� � ��¹ aldehyde

��( �IVJ� (� ALM� dimer��( �ÎV

J�& ´ �&2 i" P 
 k&.

Table 6. Absolute energies (in hartree) and dimerization energies (in kcal/mol) for 1,2-, 1,3-dioxetanes, and 1,3-cyclodisil
various levels of theory 

H2CO 1,2-dioxetane 1,3-dioxetane E(1,2-) E(1,3-) H2SiO cyclodisiloxane E

DZ SCF -113.830712 -227.579381 -227.654591 51.5(56.7) 4.3(11.1) -364.843559 -729.871123 -115.5(

DZP SCF -113.894761 -227.691718 -227.788613 61.4(66.7) 0.6(6.8) -364.944411 -730.086782 -124.2(
TZ2P SCF -113.913885 -227.720405 -227.818656 67.4(72.6) 5.7(11.8) -364.981557 -730.160619 -123.9(
DZ CCSD -114.081016 -228.082860 -228.140489 49.7(54.9) 13.5(19.3) -365.126074 -730.393424 -88.7(-8
DZP CCSD -114.250343 -288.416025 -228.499691 53.1(58.4) 0.6(6.8) -365.318416 -730.815689 -112.2(
TZ2P CCSD -114.320013 -228.549574 -228.633558 56.8(62.0) 4.1(10.2) -365.474818 -731.129355 -112.8(
DZ CCSD(T) -114.086956 -228.096686 -228.151384 48.5(53.7) 14.1(19.9) -365.134448 -730.403734 -84.6(-8
DZP CCSD(T) -114.260146 -228.437474 -228.518185 52.0(57.3) 1.3(7.5) -365.327963 -730.830769 -109.7(
TZ2P CCSD(T) -114.335128 -228.582497 -228.662703 55.1(60.3) 4.7(10.9) -365.490501 -731.155309 -109.4(
�The values in parentheses are including scaled zero-point vibration energies (by 0.9) correction using the values in Table 5. 
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