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Real-Space Observation of Hydrogen-Bond Exchange in Water Clusters 
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Structure and dynamics of individual water clusters adsorbed on Cu(110) were studied by using a scanning 
tunneling microscope (STM) at 6 K. The dimer consists of hydrogen-bond donor and acceptor molecules, and 
dynamically rearranges the hydrogen bond, resulting in the interchange of their roles. The large isotope effect 
(~60) was observed in the interchange rate between (H2O)2 and (D2O)2, suggesting that the process involves 
quantum tunneling. The interchange motion was enhanced upon the excitation of a specific vibration mode that 
correlates with the reaction coordinate. 
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hÑ5WC�Ç�V-û�X�a&�`·_�*��ÿÿY3\��Q^W4ÇX��Aga°J\

��.*�>1§an°ð�R�2ð�-+34EW�Ã-õöC×^WE6HRHa�¤-°J�

_R`�J�_-+a]o��.�_*��AgC��@@-M¬X�a°J\��.CïCõ6F

ýa�e`�J�ÿVW¤Ã°ò�¥RïB¦§3Æ^W|�3ñò�þWöF[1,2]HRHa�°J

�_*��Aga²\_4Æ���³��_¤-��rh÷þW4ÇX��Aga\��O3Æ6«

û-üýû8Gpqõ6H�þ�a�3*�-Bò-�-Çû�FW4ÇX×¶ëNO.e�`'a

%&'(_,-3¤.©C¬O6H2 h46\��O¡Üa,ìX²\_ÿ��³��_¤-û�þ

ªþaõöC�þ�O6¡Ü_²\_ë��³��_��a3GEW*X¤.U��U�õ6��|

M* 109 s-1ÿE·Y�þWE6H÷�3É<a×¶ª_²ÿ��è¶aAgYE¿÷þWE6[3]H 

d¬XÒÓÂÐ3456�¤-a×ØE*;eJ²n°XJ"ð�XtÙd§?-+ÿI¼VX°

.ò3Y�Ã-�_�¬46H��4�§aÒÓÂÐ3456�¤-a±²*l340&8Iaç=û

4ÇX/þ�a±²hb*o»a8�'_3@ÿý�þWE6[4,5]H�ëÒÓÂÐM¬*��Ag3

Æ6�¤-�a��HóôDû�¤-�!:ÒÓ�aHóôDaoö÷3�EFýXoÙaHUò-

G÷3Æ^W¯�-õörsûHh÷þ6H¡Ña¤ÃÑNù¥CDEF±²¬*X100 KÜM¬�

¤-ûÒÓÂÐ3Hhõ61 ¤-8J�_rs3�BûØW�þX�a�rsRhzÕu3Iõ6±

²û�Á3]QþWöFHd¬X��aHh¡ÜCïCõ6I¬X@[ÒÓÂÐ3�ÌVF�¤-R

]o��.�_arsR°J\��.C76/ÿ*�Ã¬46HÂÐ3456]o��.�_arsX

áíX�VW��Aga\��OC���¤-a°J\��.CïCõ6/ÿ*XWY-ù2ÂÐa

K�þOaxvG�ÝC÷-8¡'¬ïCõ6Fýa$d)¬46ÿNO�þ6H 
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`0&'¢ñÌ :STM>"3Æ^WQ��;VX/a��¡Ü3��÷-a`0&'óbû�@þ6/ÿ

CÁ|VF[6]H;<*õòW 6 K¬]^WE6H�)¬*°J�_3ÞOW`�J�_arsÿ��

Aga\��Oè¶3GEWÃÄõ6H 
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�ê* STM:��4�§X6 K>CDEW]EX��3*JC±�VF W ©CDEFHCu(110)@A

B!:*Ar+.Ð��ÿJ-[�3Æ6�GÀ'C�Ç�õ/ÿ¬��nC]^FHH2O4Æ� D2O

C!:cM 12-30 K ¬7^_'²a39�VFHõöcMCJÛõ6/ÿ3ÆÇXª]�_X°J�

_X`�J�_-+CôÇ¤56/ÿû¬ö6Hõ-Qì ~20 K8I¬*�¤-ûR¤7áíõ6A

bX`�J�_-+a��.�_û¯kÂÐ3�hõ6H@FSTM C��I�0±_a3*�ê�

Y�¤-ûf�õ6FýXÔ-2C5Ç�OW�êC],w3*I�0±_H2a¡_Î0LC]^

FH 

�¤-��.�_ars$�nÿõö%&'(_a¦§X4Æ�STM^�'8_^90*DFT3

!µk$d÷ï¤-¶�°�eL�ÝSTATE CDEW]^F[7]H��HI%&'(_4Æ���0

^Ï'3*PerdewXBurkeXErnzerhof3Æ6d¤n�Mýü��[8]C�DVFH÷-P��0^Ï'

*Ü'`�~7`*��0^Ï'[9]CDEWÂ¾VFH/¶IoÿßGJS�M*\Ð/!"¬�¹

VXv�`�7%&'(_*�þªþ254Æ� 225RyÿVFHCu(110)ÂÐaª�Û0L*5ø.�

�CDEW]EX°J�__`�J�_aars¦§3*(2x3)_(2x4)aÂÐ�G�`³'C½DVX

�Û'�0¹·¤3*16(64)kBCDEFH°J�_3Uõ6STM^�'8_^90*(3x4)�G�`

³'X64kBCDEXTersoffÿHamann[10]a¬¥3ÆÇ]^FH 
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" !:cM 20 K8>¬�¤-3�¿õ6ÿXÂÐI3

*�@¤-û¿3�;÷þ6_; 1a aHª]�_*qk

A6ErsÿVW�Í÷þXDFT¦§3Æ6ÿ!:Cu

÷-aÅ¡4I3X¤-ÐCV3VWõöVWE6_;

1b,c aH; 1aay�;*dAn��_�EaÿúòW;

<VFÓ¬46HdAn��*Cu÷-a4I3õöõ

6/ÿûl37�þW4ÇXHU-ý���¤-*f�

3 Cu÷-aI346/ÿûQ�6H@F; 1asIa�

¤-*�§¬5þWE6Æ,3EO6ûX/þ*;<§

3�¤-ûÂÐ3�^W_[11
�

0] ¬O3aTa Cu÷-a
I3µ¶VF_Cu÷-�{|a0 a/ÿ3Æ6H<�ò

-Cø3ÆÇX�¤-aµ¶|M*6 K34EW. 7à

3 1N¬46/ÿûQ�^F[11]H 
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°J�_*ª]�_ÔêCæ;ò3[\÷B6/ÿ

3Æ^W@@3�hõ6/ÿû¬ö6H; 2*�°J�

_a�hC{OFSTMa¼ZÓ¬X; 2aaqE�B*

; 1 (a) �ª]�_a STMÓHy�;* CO
¤-_�ErsaÿaSõöÓHx�^'

* Cu!:C�õH(b), (c) DFT¦§3Æ6ª
]�_aõörsH 
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; 2" ª]�_��°J�_a12òôhH
(a) _3a;<*³0�'±J�.JE 24 
mV¬]EX(b) 54 mV¬ª]�_aµ¶û
+¦÷þ6H(c) HhVF°J�_* 2Ì#
�C]öuVWE6Æ,3EO6HÊË¸¹

* 4x16 nm2H 

; 3" (a) (H2O)2ÿ(D2O)2a STMÓaÑë 
(5.5 x 5.5 nm2)H 
(b)-(d) (D2O)2 a STMÓ (2.4 × 2.0 nm2)Hx�^
'* Cu÷-a,-CÂQõH°J�_*(b)ÿ(d)
a«û- 2Ì#�C]öuõ6H 

õòWª]�_¬46H±J�.JEVs > 43 mV34EWª]�_a÷-A3�^Fµ¶û STM3

ÆÇ+¦÷þ6a¬[11]X/þ3ÆÇª]�_ÔêC[\÷BF_; 2baH�±J�.JE¬¤-3`

0&'J-CÊ�õ6/ÿ3ÆÇXÉ<a¤-×¶û)¦÷þX¤-aa2ñUAg3ÆÇú0è¶

û+¦÷þ6H/þ*¤-×¶)¦CmDVF STM3Æ6¤-[ôadh¬46H; 2c3E�þ6

Æ,3�hVF°J�_*]J�aÆ,-û�üC�õÓÿVW�;÷þFHSTMÓ*;§3�VF

¬O3�.�_ÊËVW�lVWE6a¬XÓû/aÆ,35þWEO6a*¤-û[11
�

0]¬O3WZ
ò3¶EWE6/ÿC�VWE6HG@ÇX°J�_*÷-A¬O3�^W2Ì#�CcO�-kè

¶VWE6Æ,3EO6H 

°J�_a STMÓ*���ý�VF�¬*}ò3£nõ6H; 3a*(H2O)2ÿ(D2O)2CÔ�3{O

F STMÓ¬X(D2O)2¬*(H2O)2¬E�þ6è¶a¯Mû£Vk�k-6FýXÔ�VFÌ#C�;õ

6/ÿû��3-6H°J�_*[11
�

0]¬O3NCYG�¢arsÿVW�;÷þ6H/a�¢*(H2O)2

a 2Ì#�þªþa��©34EWY�;÷þ6/ÿ��XoÙ*¶ò-ñLa�û¼-^WE6/

ÿûQ�6H; 3c *.ÎÏ0§3(D2O)2 aè¶C{OF STM Ó¬4ÇX°J�_* 2 ü-a

short-bridge³J`CðO§²ÿVW(b)ÿ(d)a«û-Ì#�C]öuVWE6H 
 

 
; 4*DFT3Æ^Wl�þF°J�_a¾<rs4Æ�STM^�'8_^90¬46H°J�_

*!:÷-A3�^W��AgCHhVW4ÇX²\_¤-_>aÿ��³��_¤-_Ia*�÷

û 0.067 nm¼-^WE6H@Fõö%&'(_* 56 kJ/mol¬46_RHa°J�_3UVWaHÔÕ

arsûAga$�Ð¬l3E¿÷þWE6[12]H/ars3UVW¦§÷þFSTMÓ*o&2Ga

�B¬É?µ5�þW4ÇX�ê¬l�þF�¢aÓC<ñò3~¾VWE6H�E-ý346��

³��_¤-ûÆÇA6EHÏ^W�ê¬l�þFSTMÓ3UVWXA6Eraon-top-ý3��

³��_¤-XY,x¬a on-top-ý3²\_¤-ûõöVWE6ÿD<VFH÷�3/aÿö°J

�_aè¶*X²\_ÿ��³��_ûõöC�þ�O6è¶Xõ-Qì²\_ë��³��_��

3U�VWE6/ÿûA��ÿ-^F_;5aH 
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��è¶axvG�ÝCñò6FýX��|M Ra<�ò-CøC]^FHSTM��C°J�_I

3ù<VX7^_²±��N�C5WVFÌ#¬`0&'J I̧ta��£nC;<VF(; 6a)HJ¸

`ûfeÌ3£nõ6 �û��ð�3U�VW4ÇXð��a��t ��Î¦ò3��|MC§¿

VFH¡2ò3*ð��3Ãõ6��Cj.`L�ÝÿVWX/þC�oIo{N = N0exp(-Rt)}¬7^

��^0Lõ6/ÿ¬��|MR ClFH; 6b 3�õj.`L�Ý¬*mNûUoÂ�3-^W4

Ç��|M*Q©aÙö��¬O�þ6H$o¬4Æ� 10�J¸`C£n÷BW(0.06~0.7 nA);<C

]^FûX�þªþaJ¸`¬|M*Åÿ«+£nB[X(6.0 ± 0.6) × 101 s-1ClFHõ-QìXVs = 24 

mV ano>¬*��|M*J¸�_Ê�÷þ6J-ao4Æ���ë¤-�a{|a3ÝpB[X

�;÷þFè¶*°J�_ù#a_��+¦¬*-EaYa¬46/ÿûQ�6Hd¬X(D2O)2¬*

Vs = 24 mV34EW�a|M*1.0 ± 0.1 s-1ÿ]ý�þX��|M3456Ô-2Ñû ~60ÿ-^FH

/aoö-Ô-2ób*��¡Ü3��a`0&'óbû�@þWE6/ÿC�ºVWE6H°J�

_a²\_ë��³��_��*;6f3�õÆ,-(�"&a��0^Ï'3456è¶¬46H�

/¬ïB¦§3Æ^W��è¶atµÌ#C]ý�aC¢C§¿VFH¦§Ab��tµÌ#ÿVW

; 6f3�õC2v3Óõ6rsûl�þFH]ý�þFC¢* 23 kJ/mol¬4ÇX6 K¬*7ò3£O6

/ÿ*Åÿ«+¬ö-EH/a/ÿ*��ð�3`0&'óbû�@þ6/ÿC�¤VWE6Hÿ/

�¬XRHa (H2O)23UVW;<÷þF��|M*~109 s-1¬4ÇX)NaSg(~60 s-1)ÿ 107Ya%

EûE�þ6H/þ*°J�_ûÒÓÂÐ3õöõ6Fý3��aC¢û[Þõ6/ÿûïÛadG

ÿVWNO�þ6_RHa��C¢*2.48 kJ/mol [2]aH÷�3ÂÐI¬*X��a¡Ü¬A�÷-û

óE3ÔF�÷@¬µ¶õ6ZÃû46FýX��A5¬-kA�÷-aè¶ûÑëòoök�a¡

Ü3�@þ6H)Na��è¶C<�ò3ïCõ6Fý3*XA�aærY�ýF¯#)a��0^

Ï'Cr�VX�aI¬a�-Bò-NÍûZÃ¬46[13]H 

#3X��|MaJEÝpñC�õH; 6c* It = 0.5 nA¬d<ÿVW;<VF��|MC Vs3UV

W�e�`VFL�7¬ (H2O)2ÿ(D2O)2a|MC�þªþ¤4Æ�¥¬�VWE6H��|M*40 

mV L��� Vs3ÝpñC�VX46¦`¬[Þõ6Hõ-Qì/aJE¹¬*STM 3ÆÇ��ð

�û+¦÷þWE6H¦`*(H2O)2ÿ(D2O)2ÿ¬�þªþ 45X41 mV ¬4ÇXÔ-2ób(~1.1)ûE

; 5" ²\_ë��³��_��ð
�H��AgC\��O6/ÿ3Æ

ÇX�þªþa¤-û²\_ÿ��

³��_ÿVWaõöC��õ6H

 

 

 

 

 

; 4" (a),(b) DFT¦§3ÆÇl�þF°J�_a
õörsH(c) /ars3Uõ6 STM^�'8_
^90H��Aga��³��_¤-(sr)ûÆ
Ç�E-ý34ÇXÏ^WA6k�;÷þ6} 
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; 6" (a) ��ð�a���¦;Hð�a �X`0&'J¸ût¼Z3£nõ6H(b) ±J�.
24 mV34EW;<VF����aj.`L�ÝHJ¸3Ý�[��|M_Ùöa*d<ÿ-6H
õ-Qì 24 mV>¬*��è¶*°J�_�uaè¶¬46H(c) ��|MaJEÝpñH46
¦`8I¬|Ma[Þû�;÷þ6Hõ-Qì��è¶û STM3ÆÇ+¦÷þ6H(d) ¦JEw
�3456��|MaJ¸ÝpñH�Ù3GEW*+¦3Æ6è¶C§ûõ6FýXÚ6-è¶

3Æ6|MC�EW46}+¦÷þFè¶*J¸3UVW 1#aÝpñC�õH(e) DFT3ÆÇ
l�þF��C+¦õ6×¶ª_²H(f) ��að�ærH¾*×¶)¦CÄVF��ð�Hð
�C¢* 23 kJ/molH 

�þFH÷�3;6d*(H2O)23Uõ6Vs = 54 mV3456J¸Ýpñ:¤>C�VWE6H//¬*

ÑëaFý3Vs = 24 mV3456J¸ÝpñC¨¬�VWE6ûX�3Y®òFÆ,3/ì�*J¸

�3ÝpB[d<¬46H¤-aè¶û`0&'J-3Æ^W+¦÷þ6SgX�a|M*R ? It
Nÿ

­®÷þX#oN*è¶3ZÃÿ÷þ6J-oÿ-6HVs = 54 mV¬* RûJ¸�3UVW1#aÝ

pñC�õ/ÿ��X��ð�a+¦*1J-¡Ü¬0]VWE6/ÿûQ�6H@FX¦`aÔ-

2Ñ:~1.1>��ú0×¶ª_²a)¦CÄVWE6ÿsY÷þ6H�/¬ïB¦§3Æ^W°J�_

a×¶CøC]EXU�õ6×¶ª_²ÿVW; 6e3�õ²\_ë!:�a�¬ +��³��_aN

OC��×¶CD<VF_¦§3Æ6×¶%&'(_*36 meVaH/aª_²*²\_ÿ��³��

_a�÷a�C\]÷B6×¶¬4ÇX��að�ær3Q�HIVWE6HÏ^WSTM 3Æ6�

�è¶a+¦*X; 6f3¾©¬�õ×¶+¦`0&Û0La�r¬,A¬ö6Hõ-Qì×¶)¦C

¢Ûõ6/ÿ¬X��0^Ï'aUû¸k-Ç`0&'f:ûoU3[Þõ6H 
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�aª]�_R°J�_*6 Ka Cu(110)ÂÐIC7^kÇµ¶õ6ûX`�J�_¬*µ¶*�

;÷þ-EH;7*`�J�_aSTMÓÿDFT¦§3Æ^Wl�þF¾<rsC�VWE6H`�

J�_*2U#-*+Ha�BÿVW�;÷þX/þ3*4 Ga«û-üOûpqõ6:; 7a-7d>H

STMÓ3�©F^E©*Cu(110)a,-BC�VW4ÇX(a)a]q*¤-aõö-ýC�VWE6H

`�J�_*¾<¬|GaüO¬Åÿ«+Ô�VWE6Hd¬X/þ�4Ì#�aOµûX±J�.

JE ~200 mV8IadÞ3ÆÇ+¦÷þ6H(b)a�.�Û.�*X�aOµ34EWU#§²ÿ-6
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; 7" `�J�_a STMÓ:IX2.3 × 2.3 nm2>ÿDFT3ÆÇl�þFõörs_>aH̀ �J

�_* 4Ga«û-üýC¤^W4ÇX��Aga\��O3ÆÇóE3µ]õ6HSTMÓ
*ÔFSà¬46H(a)a]B*�¤-a-ýCÂQVW4ÇX(b)a�.�Û.�*£�a§
²346 Cu÷-C�VWE6H6 K34EWHóa£�*Åÿ«+�;÷þ-EûX±J�
.JEC[Þõ6/ÿ3ÆÇX°J�_ÿÔÕ3\��Oð�C+¦õ6/ÿû��¬46H

,-B¬46H�þªþaSTMÓa>T3*DFT¦§3Æ^Wl�þFU�õ6`�J�_ars

C�VWE6H̀ �J�_* 3Ga¤-û÷-A3�^WEI3G-ûþWE6HSTM3Æ^W��

Aga\��Oû+¦÷þX�aAb4Gars�Cµ]õ6/ÿûQ�^FH»aÂÐ3456`

�J�_arsÿVWXAg(111)¬*X²\_¤- 1G3UVW��³��_¤-C2G#õ6(«�

*+rs[12]X@F Pt(111)¬* 3Ga¤-û�þªþ��Ag¬µÌ3A©þFrs[14]ûïB¦§3

Æ^WÁÂ÷þWE6H/aÆ,3X�¤-û��.�_CHhVWEk3GþWX�ars*ÂÐ

a÷-hR�oÐ3ÝpVWEkH�ý3®òFX�¤-a¯�-ÂÐ2#)_@F*1#)a&�

`·_�Hhÿ�a°J\��.CïCõ6I¬X/aÆ,-]o��.�_a±²*!éò7EC

¬O6ÿNO�þ6H 
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Cu(110)ÂÐ¬�¤-a°J�_4Æ�`�J�_arsÿ°J\��.CSTMÿDFT¦§3ÆÇ

1 ¤-8¡'¬±²C]^FH��.�_aa��Ag\��Oð�CQ��;VFHÉ3°J�_

34EW��ð�C<�ò3§ûVX�a|M3 ~60�ÿE,oö-Ô-2óbCÁEVFH÷�3

DFT¦§¬ð�C¢CE·YÇX��¡Ü3��÷-a`0&'óbû�@þWE6/ÿCÁ|VFH

@FXÉ<a×¶)¦3Æ^W��|Mû[Þõ6¾*CE¿VX×¶+¦`0&Û0La�rCÁ

ÂVFH`�J�_3GEW*4Ga«û-rsC#õ6/ÿCSTM3ÆÇfgVXDFT3ÆÇE

ÌrsCÁ|VFH 

ÂÐ3456��÷-_�e`0aa`0&'óbûXSTM 3ÆÇKEO6OÆ,3-^WöFH

��÷-*ÂÐIaÕå-n°ð�34EW§²òpq¬4ÇX`0&'óbû+aÆ,-õöCb

Fõa�áâãEH�0n3Æ6�VE¾*aÁEûX)�oE3þÿ÷þ6H 

&
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DFT¦§*oªo°«Õ¯°±²àa¬m5­®íê±²åX¯Z­°ÿä�aæ�C¢5Xïì

o°Kñ±²à._Ð_;0/'_�³0�_¬]E@VFH 
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