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ABSTRACT. The geometrical parameters, vibrational frequencies, and dissociation energies for H2n+1
+(n=

1~6) clusters have been investigated using high level ab initio quantum mechanical techniques with large basis

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

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

the CCSD with connected triple excitations [CCSD(T)] levels of theory. The highest levels of theory employed

in this study are TZ2P+d CCSD(T) up to H9
+ and TZ2P CCSD(T) for H11

+ and H13
+. Harmonic vibrational fre-

quencies are also determined at the SCF level of theory with various basis sets and confirm that all the opti-

mized geometries are true minima. The dissociation energies, De, for H2n+1
+(n=26) have been predicted using

energy differences at each optimized geometry and zero-point vibrational energies(ZPVEs) have been con-

sidered to compare with experimental dissociation energies, D0.
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Fig. 1. Predicted geometries of H3
+ at various levels of the-

ory. Bond lengths are in angstrom(Å) and bond angles are in
degrees(o).

Fig. 2. Predicted geometries of H5
+ at various levels of theory. Bond lengths are in angstrom(Å) and bond angles are in

degrees(o). 
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Fig. 3. Predicted geometries of H7
+ at various levels of theory. Bond lengths are in angstrom(Å) and bond angles are in

degrees(o). 



Journal of the Korean Chemical Society

406 ����� �����	


% BB �� le, �y0 �56 uª¯/. �µ

R1(0.890�)� R3(0.753�)0 basis set �u Ó��pp

, ÿ�T fg Î�(0.003��û) �56 Ç�Y�/.

1983�� ,-Ð� -'Æ DZP CISD�2 R1�

0.878� R20 1.700�, %&' R30 0.746�56 Ç�

.57,16 1997� CCSD(T) L�M N�Æ R2Ð�

1.647�56 �� 0.03�le �� L�F ¸�#�/.22

H11
+� ��� 0 H9

+� OB«Æ X� u� H2T

.[0 Cs symmetryF ê0 � 62 �¹� ,- L

�0 Fig. 5� ¸./. �r2 d-�
� �� 'G0 �

�®r� �� �� no� ©ç� T� �� 
��

,-� TZ2P CCSD(T)�7 �0 *H1* ,-: T

� �� 
�� L��/. /6 þTY0 H2� ��

H9
+� � R�0 %& ®* �57 �* H3

+� ��

�ö56 &Z [0 H2M� �& R30 1.698�56 d-

�
� Dö� 'G�/Æ TZ2P+d CCSD(T)�2

1.690�le(H9
+�2 d-�
� ÿ�6 0.008� �_0)

6 Ç�¨ 
 [57, �0 H9
+M N�� 0.013�l

e �Z*0 R�F uªû�/. H9
+M /6 ²T: H2

��� �& R8� R90 BB 1.064�, 2.731��7 O

B«Æ X1�ö56 �ÑÁ 2& �Z� [0 � F

¸� #Z fg U� LV� Tv �56 Ç�:/. Õ

� �1 H3
+  «Æ!*E� 9L: H2�� /6 ²T:

H2� Dö56 U� Ta3� P�F ¸./. 8 9�

�2� ,-� *H1* ¸': �� ,- Twx T�

�� 
�� ,-��57, 1978� Yamabe� �� 4-

31G+p HF ,- L�M N�( ¸Æ R3, R4T BB

1.9502�, 1.9506�56 ,-Y�', H9
+M H2�� �

& R8� R9� BB U 1.012�, 2.973�56 ���5

6 � C�F ¸�' [/.27 �µ 3� ,-L�M N

�Æ R3, R4Ð� CISD�2 1.673�, 1.656� %&'

B3(H)�2 1.654�, 1.630�56 N��   ±Ï0 L

�F ¸� #�/.22 %4u %�� DFT ,-�20 ²

TY0 H2T OB«Æ� �� Þ6 X(H3
+  «Æ� /6

²T: H2��� BeT 91.7o)� XÏ0 �56 Ç

�: �Æ 8 9��20 1.064�le �Z! XÏ�2

X156 &Z [0 �56 Ç�Y�/.

H13
+0 H11

+� OB«Æ _½156 /6w H2T ²

T: Cs symmetryF ê0 � 6 �4 
��2 ,-

: L�F Fig. 6� uªû�/. � � �2 À4�?

Fig. 4. Predicted geometries of H9
+ at various levels of theory. Bond lengths are in angstrom(Å) and bond angles are in

degrees(o).
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�� ü5� LV: Å S� H20 H9
+� Ó��{� �

� Dö56 OB«Æ� «¾* �' U� r6Z!

P�F ¸./. �c�56 H3
+M H2 û@� LV��

I LVB� H11
+M ®d /�* �0 �56 uª¯5

u, H2M H3
+��� U� LV� �� LV��0 R3,

R4T BB 1.706�, 1.684�56 H11
+¸/ U 0.1�le

�Z! �56 Ç�Y�57, ²T: H2 1*� �& R8

� R90 BB 1.739�, 2.311�56 Ç�YZ «Æ�2

0 � 2& �Z! �&�2 %&' X, _½60 U�

�_! LV��F ¸� #�/. *H1* å±� ��

Ð? 1997� Chermette +� �� ,- L��20 R3

� R4Ð� 1.670�, 1.630�562 H7
+� H9

+�2M ß

� 8 9�L� ¸/ U� �� LV��F uªû�/.

�µ ��� ¸'2�0 R8� R9� �� ÜÝ� uª

u [* �7/.22

Frequencies. !" #$
0 3��: ��T true

minimum?* Õ0 Ó� ��(transition state)?*F >

?0 x èé7, Õ� �� (& �)*(De)Ð� J

K �lÐ? D0(Dissociation energy)M Ë	 N�r

X� èé� ZPVE ̧ l� X(2e è
��a 

¤/. !" #$
�� �)*F û@ 	É(internal

coordinate)� �� 2C i�� �¨ 
 [57, ;

Å �� Ð� T*Æ kl� � (minimum structure)

F �i�/. H2n+1
+ clusters0 N=2n+1S� ��6 :

N ýP ���86 3N-6S� 9:�? !" �ù�

ê0/. ��� ��Æ B !"�ù� S
T ���


T 3S? H3
+� 3S, H5

+� 9S, H7
+� 15S�7 H9

+

� 21S�' H11
+� 27S, H13

+� 32S�/. �� mode

³� ;
T 1S�Æ Ó����7, 2S ���Æ J�

6 ��* �0 ��(ghost state), � JK56 >?

¨ 
 �0 ��F <�/. 8 9��20 SCF�2 û

@ 	É(internal coordinate)� �� �)*� 2C i�

� åe: ù56@A ,-.57,37 � SCF !"#

$
0  �!" #$
62 N  �m(anharmonicity)

+� �å6 JKÐ ¸/ ±��56 U 10%le ��

�56 �G� [/.43 Table 1� H2n+1
+ (n=1~6)� !"

Fig. 5. Predicted geometries of H11
+ at various levels of theory. Bond lengths are in angstrom(Å) and bond angles are in

degrees(o). 
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#$
F TZ2P+d SCF 
��2 ,-� wave

number (cm−1) �X6 uªû�57, ;Å �� Ð�

T056 local minimum � =� � 
 [/.

H3
+� �� !" #$
0 stretching modeT 3511

cm−1, %&' bending mode0 2861 cm−16 Ç�Y�5

7, scaling factor6 0.9F ��Æ, 3160 cm−1, 2575

cm−162 1987� Majewski� stretching mode� ��

JKÐ44 3175 cm−1, %&' 1983� Oka� bending

mode� �� JKÏ45 2521 cm−1� N��   ±Ï�

� ¸./. H5
+� �� !" #$
�2 ω1� H3

+� U

d LVYZ [0 H2� stretching mode6 (Ù:/.

�� p� 1988� Okumura� JK Ð� 3910 cm−15

6, 8 9�� 4387 cm−1� scaling factor 0.9F ��

Æ �� ±Ï�� � 
 [/.24 Õ� ω2~ω40 H3
+ ring

� �� stretching� bending mode6 (Ù¨ 
 [¤

0x, ω20 H3
+� 3511 cm−16@A 3605 cm−16 U�

=T.57, H3
+� >?(degenerate)YZ [@ bending

mode0 2580 cm−1, 2461 cm−16 �&T ±Zu7 U�

�yY0 �� ' 
 [/. �0 H6
+�2 H2T H3

+OB

«Æ� LV¢ n OBP� � R� �_*' Å R�

�Z*0 ��� � R�M ±Ï0 L��/(Fig. 1

- ). �µ ω5~ω9� H3
+� Ud LVYZ [0 H2�

�( ©r0 /A S� mode62 H2M H3
+� 9L:

@��2 �B %&' N�B stretching modeM H2�

�� wagging, rocking %&' twisting mode�6 (

Ù¨ 
 [¤/.

H7
+0 H3

+� LV: ÅS� H2� stretching� 4447 cm−1,

4443 cm−1�2 uª¯57, H3
+�2 B �����

stretching I bending� ω3~ω51* 3446, 2712, 2564

cm−1le6 Ç�Y�/. C56 ω6@A 1000 cm−1 �

� Ð�� H3
+M H2�� wagging, rocking, %&'

twisting mode +56 Dì̈  
 [¤/. 1988� Okumura

� JK Ð� υ2� 3980 cm−156 �� N  �m

(anharmonicity) +� 'G� scaling factor 0.9F ��

Æ   ±Ï0 L��/.24 H9
+� H3

+� H2T 3S L

VYZ [r no� ω1~ω31*� Ð�� 4472, 4467,

Fig. 6. Predicted geometries of H13
+ at various levels of theory. Bond lengths are in angstrom(Å) and bond angles are in

degrees(o).
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4467 cm−1 +�7, H3
+�2 B ����� stretching I

bending� ω4~ω61* 3400, 2681, 2681 cm−16 Ç�Y

�/. 1988� Okumura� H9
+� υ1~υ3� �� JKÐ

� 4020 cm−156 �� scaling factor 0.9F ��Æ

  ±Ï0 L�F ¸� #�/.24 % ü� U� LV

� 0 H3
+M H2�� !" #$
�� ω7~ω2162

1000 cm−1 �� Ð�6 ,-Y�/.

H11
+� !" #$
0 H3

+� H2 4ST &Z [0x

% Twx 3S0 H9
+� å�d uª¯', /6 ²T

: H2� �� ω1� 4551 cm−1� Ð56 Ç�Y�/. �

0 �å H2��� !" #$
(4585 cm−1)� �	� Ð

56 H9
+� &Z [0 H2� N( EF � Ud LV

YZ [¼� �i�/. ω5~ω7� H3
+� �� Ð�6

3421, 2709, 2690 cm−1�/. H13
+�2e H3

+� 3S�

H2T binding YZ [' % �� !" #$
�� 4492,

4487, 4471 cm−1�2, %&' ü5� X _½6 2S�

H2T binding YZ [¼56 ?( 4548, 4547 cm−1�

Óc 5S� H2� stretching� (Ñ0 ®(peak)T

��' 3S� H3
+� (Ñ0 peak %&' 25S�

1000 cm−1� ®�� ��d :/.

Dissociation Energies. Table 2� B cluster�� D

E !" �)*(ZPVE)F uí.57, ∆(ZPVE)0 /

¼� ß� ,-� kcal/mol6 uªû�/.

ZPVE0 ,-: (& �)*(De)F JKÏ(D0)M N

�r X� 'GY�0x, 8 9��20 SCF 
�

�2  �!"�)*F ,-� § 0.9� scaling factor

F ��� N  �m(anharmonicity) +� ¸��

∆(ZPVE)*6 uªû�/. �µ H2n+1
+ (2 n 6) complex

�� �� (& �)*(De)0 BB� 3��: �� �

 �2� �)* C6@A ,-./. �, H5
+T H3

+M

H26 (& Y0 �g De(H5
+ )=E(H5

+ )-{E(H 3
+ )+E(H2)}6 �

¨ 
 [/. � �g CISD ��� Ó��pp, ÿ�

0 'GY*^, size consistency o�T [Z2 l¦�

? l>m� �Z!/. %4u coupled cluster(CC) �

�� ���56 size consistency o�T  ©* �

586 T� l>� ���a' ¨ 
 [¤/. �a2

T� �� 
�� ,-� H9
+1*0 TZ2P+d CCSD(T)

�7 H11
+M H13

+� �(20 TZ2P CCSD(T) 
��

/. �4 �� 
��2 ,-: (& �)* Ð(De)�

ZPVE �l� W�� D0Ð� �G Table 3� uªû�

57, *H1*� �� I JKL�M N�./.

H5
+� (& �)*0 1970�@A 3�1* �� I

JKÐ� U 5~10 kcal/mol���2 t� ÂÃ� j4

¿/.9-22 N�� 3�� JKL�F HI¸Æ 1983��

Elford +� �� 5.8±1.2 kcal/mol,17 %&' NÒ�

�r� Beuhler +� �� 6.6±0.3 kcal/mol,18 %&'

1987� Hiraoka +� �� 6.9±0.3 kcal/mol6  É

Y�/.19 �µ �J¨^� ��Ð560 1987��0

Schaefer +� �� full CI ,-56 5.45 kcal/mol�

ZPVE( )∆  =

ZPVE H2n 1+
+( ) ZPVE H2n 1–

+( ) ZPVE H2( )+{ }–

−≤ −≤

Table 1. Vibrational frequencies of H2n+1
+ (n=1~6) at the TZ2P+d

SCF level of theory

H3
+ H5

+ H7
+ H9

+ H11
+ H13

+

ω10 3511 4387 4447 4472 4551 4548
ω20 2861 3605 4443 4467 4477 4547
ω30 2861 2580 3446 4467 4472 4492
ω40 2461 2712 3400 4471 4487
ω50 937 2564 2681 3421 4471
ω60 721 822 2681 2709 3456
ω70 596 759 753 2690 2759
ω80 480 647 753 734 2694
ω90 170 613 696 726 729
ω10 488 631 691 685
ω11 455 596 619 666
ω12 385 596 577 575
ω13 141 402 557 571
ω14 112 402 416 520
ω15 92 365 384 437
ω16 160 372 417
ω17 103 356 395
ω18 103 196 329
ω19 91 164 284
ω20 91 156 199
ω21 69 116 187
ω22 113 169
ω23 111 160
ω24 101 150
ω25 86 146
ω26 73 142
ω27 38 121
ω28 109
ω29 100
ω30 94
ω31 60
ω32 42
ω33 41
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�k.',20 1997� Chermette +� �� 6-311G++

CCSD(T) 
��2 5.26 kcal/mol�  É./.22 8

9��2 TZ2P+d CCSD(T) 
��2 5.71 kcal/mol6

Ç�Y�0x �0 Elford +� �� JKÐ� fg  

±Ï0 L�F ¸� #�/.

H7
+M H9

+0 H3
+OB«Æ� �_ [0 !*E� H2T

u, Ud LVY0 � F ê' [57 ���5

6 H5
+¸/ klm� �Z!/' ¤/. H7

+M H9
+�

(& �)*(D0)0 TZ2P+d CCSD(T)�2 BB 2.72

kcal/mol� 2.64 kcal/mol6 �� NÒ� klm� T*

7 H5
+M N�� �� ��le6 �y0 �ö�

uªû�/. H7
+� �� 3� ��9� L�620

1997� Chermette +� �� DeÐ� 3.72 kcal/mol

(15.55 kJ/mol) %&' D0Ð� 0.13 kcal/mol(0.54 kJ/

mol)6  ÉY�5u,22 �0 ZPVE ̧ l�  �Y��

u ZK J
T [�@ �56 ¸?/. Õ� *H1*

JKÐ560 1983� Elford +� �� 3.1±0.1 kcal/mol,17

%&' 1987� Hiraoka +19� �� 3.3±0.2 kcal/mol

Table 2. Zero-point vibrational energies(ZPVEs) in kcal/mol for the hydrogen clusters, H2n+1
+ (n=1~6) at the DZP, TZ2P, TZ2P+d

SCF levels of theory

DZP SCF TZ2P SCF TZ2P+d SCF

ZPVE ∆(ZPVE) ∆(ZPVE)* ZPVE ∆(ZPVE) ∆(ZPVE)* ZPVE ∆(ZPVE) ∆(ZPVE)*

H2 6.64 6.56 16.56
H3

+ 13.30 13.26 13.20
H5

+ 23.05 3.12 2.77 22.88 3.05 2.75 22.78 3.03 2.75
H7

+ 31.96 2.28 2.03 31.73 2.29 2.06 31.63 2.29 2.09
H9

+ 40.34 1.74 1.55 40.09 1.80 1.62 40.00 1.81 1.65
H11

+ 48.12 1.15 1.02 47.79 1.14 1.02 47.72 1.16 1.06
H13

+ 55.75 1.00 0.89 55.43 1.08 0.97 55.45 1.17 1.07

∆(ZPVE) : obtained from .
∆(ZPVE)*: applied scaling factor of 0.90.

ZPVE H2n 1+
+( ) ZPVE H2n 1–

+( ) ZPVE H2( )+{ }–

Table 3. Dissociation energies (in kcal/mol) De and D0 of H2n+1
+(n=1~6) at various levels of theory

H5
+ H7

+ H9
+ H11

+ H13
+

De (D0) De (D0) De (D0) De (D0) De (D0)

DZP SCF 5.56 (2.75) 3.65 (1.60) 3.11 (1.54) 0.96 (-0.08) 0.91 (0.01)
TZ2P SCF 5.61 (2.83) 3.85 (1.77) 3.26 (1.64) 1.14 (0.11) 1.07 (0.11)
TZ2P+d SCF 5.67 (2.95) 3.87 (1.81) 3.30 (1.67) 1.18 (0.13) 1.13 (0.07)

DZP CCSD 7.76 (4.96) 4.07 (2.02) 3.55 (1.99) 1.15 (0.12) 1.10 (0.20)
TZ2P CCSD 7.64 (4.90) 4.72 (2.66) 4.06 (2.54) 1.62 (0.60) 1.58 (0.61)
TZ2P+d CCSD 8.09 (5.37) 4.70 (2.64) 4.16 (2.53)

DZP CCSD(T) 8.03 (5.23) 4.11 (2.06) 3.60 (2.04) 1.18 (0.15) 1.12 (0.22)
TZ2P CCSD(T) 7.91 (5.17) 4.82 (2.76) 4.16 (2.54) 1.69 (0.67) 1.65 (0.68)
TZ2P+d CCSD(T) 8.44 (5.71) 4.79 (2.72) 4.27 (2.64)

Previous Theories 7.94a (5.26)a 3.72a (0.13)a 3.37a (1.53)a De(H11
+)+De(H13

+)=2.08a*

8.34b (5.45)b

Experiments 6.9±0.3c 3.3±0.2c 3.2±0.2c 1.72±0.1c 1.64±0.1c

6.6±0.3d 3.1±0.1d

5.8±1.2e

a: reference 22: 6-311G++ CCSD(T), * H13
+ H9

+ + 2H2 

b: reference 20: Estimated (6s3p) full CI 
c: reference 19
d: reference 18 
e: reference 17
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6 8 9�L�M N��   ±Ï�/' ¤/. H9
+�

�(20 1997� Chermette +� ��,-56 1.53

kcal/mol6 Ç�Y�57,22 JKÐ560 1987� Hiraoka

+19� �� 3.2±0.2 kcal/mol � å±d  ÉY�/.

8 9�L�0 H7
+M H9

+� ��klm56 ' n JK

Ð� fg å�� L� I �ö� uªû�/.

���56 9� ��T �� H11
+� H13

+0 _Ë �

J¨ ^� �� L�T  ÉY* �� ���7 8 9

�T T� �� 
�� ��,-562 TZ2P CCSD(T)


��2 De0 1.69, 1.65 kcal/mol %&' D00 0.67,

0.68 kcal/mol6 �� NÒ� klm� ê0 �56 Ç

�Y�/. *H 1*  É: �� ,-560 1992�

Farizon +� �� TZP CISD 
��2 DeÐ� 0.96,

0.89 kcal./mol6  É.5u size consistency o� n

o� �JeT �Z*7,21 1997� Chermette +� �

� �� 
�, � 6-311G++ CCSD(T)�2 ,-�

.5u H11
+� �� ,-� ©çYZ H11

+M H13
+�

(& �)*(De)� V56 2.08 kcal/mol�  É./.22

�µ å±� JKL�62 1987� Hiraoka +� H11
+

� �� 1.72±0.1 kcal/mol, %&' H13
+� �(20

1.64±0.1 kcal/mol�  É./.19 8 9�L�0 JK

Ð� N� D0Ð� U 1 kcal/mol le ®d Ç�Y�

0x �0 d-�
 ÿ� I basis set superposition error

(BSSE)� 'G +56 Sý¢ 
 [� �56 �Ä:/. 

� �

H2n+1
+ series(n=1~6)� �� �� 
��2 �� �

 , !" #$
, %&' (& �)* +� ,-./.

��� 0 H9
+1*0 TZ2P+d CCSD(T) 
��2 %

&' H11
+� H13

+� �(20 TZ2P CCSD(T) 
�1

* 3��./. *H1*� �� I JK� �� ¸

'M ß� H9
+1*0 H3

+� OB !*E� H2T 
Ë

56 LVYZ [57, H11
+� H13

+�20 H2T OB«

Æ� X, _½� ¸/ Ud LVYZ [0 � F ¸

� #�/. %4u Okumura +24�u, Paul +46� Ç�

� �6 OB«Æ� Þ6 X, _½� H2T LVYZ [

0 �� _`a, OBP� R 1�2 U 1.064�( H11
+),

1.739�(H13
+ ) le �Z! XÏ�2 X, _½6 U 2.3~

2.7� . [0 � 6 Ç�Y�/. \� � �� LV�

� fg Ur no� �Q�2 H2T �� �åLd

MÓw"� ¨ �56 ©BY7, �a2 JK56 �

�� XÏF l>Á pq0 �� N* �� �56

Ç�:/. �µ !" #$
0 �4 basis set�2 SCF

��56 ,-.57, 8 9��2 3��: ;< �

�� �� local minimum � =� >?./. Õ�

JK� �� pq: fundamental frequencyM N��

  ±Ï0 ��Ð� O�57, � Ð�� scaling

factor 0.9F ��� ZPVEF 'G� (& �)*(Do)

F ,-./. H2n+1
+ (n=1~6)� �� (& �)*(Do)

0 Ó��56 *H1*� �� I JKÐ�   ±Ï

0 L�F O�/. H7
+M H9

+0 26 �� NÒ� kl

m� T*', (& �)*(D0)0 H5
+M N�� U �

�le6 �y0 �ö� uªû�/. H11
+M H13

+ Õ

� 26 NÒ� klm� T*7, % (& �)*T H7
+

M H9
+� N�� �� �� �y0 �ö� uªû

�/. �0 H9
+� ²T6 LVY0 H2�� U� LV�

leF uªû0 �56 ��� �2 Ç�: �� %

�öm� ±ÏY0 L�F ¸��/.

8 9�0 2000�e ����� �û �ø9�N *

�� �� 
¾Y�57 �� ��F Ø:`/.
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