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Structural Evolution and Solvation of OH radical in 

Ionized Water Radical Cations (H2O)n
+
, n = 5 ~ 8 

En-Ping Lua, Piin-Ruey Pana, Ying-Cheng Lia, Ming-Kang Tsaib, Jer-Lai Kuoa   

Structural evolution of ionized water radical cations (H2O)n
+, n = 5 ~ 8 is studied by ab intio methods. A 

structure searching method based on previous understanding of the hydrogen bond (H-bond) network in 
neutral and protonated water cluster is found to be effective to cover a wide range of structural isomers of 
(H2O)n

+. With these local minima, we can analyze both the size and temperature dependence of the 
structure of (H2O)n

+ and solvation of OH radical. Agreements between our calculated IR spectra with 
experimental data in the free OH stretching region confirms that OH radical preferred to stay on the 
terminal site of the H-bond network for n=5 and n=6. Furthermore, we found OH radical begin to form H-
bond with water molecules as a H-bond donor in n=7 and 8. Vibrational signatures of fully solvated OH 
were found to locate at 3200 ~ 3400 cm-1 coincides with the additional peaks found in previous 
experimental data obtained by Mizuse and Fujii. 
 

I. Introduction 

Neutral and ionic water clusters have been the center of many 
spectroscopic and theoretical studies for their important roles to 
understand the nature of H-bonding, solvation of H+ and OH- 
and proton transfer processes in aqueous media.1–81 Water 
radical cations, (H2O)n

+, however, received less attention and 
only become accessible by spectroscopic investigations in the 
last 5 years. Since then, these radical cations have been studied 
extensively to gain a better understanding on the H-bond 
network of (H2O)n

+ with a hope to shed a new insights  to the 
radiation-initiated ionization processes in liquid water and 
aqueous solutions instead of directly studying such complicated 
process.15–29 Since 2009, structures of small-sized ionized water 
clusters have been characterized by many experimental and 
theoretical groups.19–29 One of the main focuses is the relative 
stability between proton-transferred (PT) and hemi-bonded 
(Hm) structures. IR spectra from Johnson’s group have 
determined that dimer cation is a complex consisted of H3O

+ 
and OH radical.21 On the theoretical end, it is known that many 
density functional methods often suffer from self-interaction 
errors, and symmetry-breaking in such open-shell doublet 
systems. Thus, many theoretical works have been devoted to 
find suitable and economical ab initio methods to study these 
cation clusters. 19,25–27,82 

To link to ionization processes in condensed phases, it is 
very important to go beyond dimer and study structure of larger 
(H2O)n

+. Although production of (H2O)n
+ has been 

demonstrated in early experimental studies by Nishi’s group13, 
direct structural information about (H2O)n

+ was not realized 
until Fujii’s group obtained IR spectroscopies of (H2O)n

+, n ≤ 3-
1123. Mizuse and Fujii analyzed and compared IR spectra of 
(H2O)n

+ to their protonated counterparts H+(H2O)n and found 
evident structural similarity between H+(H2O)n and (H2O)n

+. 
Furthermore, for n ≤ 6 a new vibrational peak in (H2O)n

+ at 
3540 cm-1 was assigned to free O-H stretch mode of OH radical. 
These IR spectral features suggest the structure of (H2O)n

+ can 
be understood as (H3O)+..OH..(H2O)n-2 and OH radical is 
preferred to sit on the terminal sites of the H-bond network. 

Availability of these experimental data has thus stimulated a 
few theoretical works to study the structural evolution and 
solvation of OH radical in trimer and pentamers.22,29,74–76 

For even larger clusters, vibrational signature of free OH of 
the radical begin to disappear at size n = 6 and by n ≥ 7 this 
vibrational signature has significant overlap with high 
frequency edge of H-bonded OH stretch of neutral water 
molecules. Therefore, the solvation of OH radical in the H-
bond network of (H2O)n≥7

+ cannot be easily derived from 
experimental data alone. Intuitively, OH radical is known to be 
a weaker H-bond acceptor (compare to H2O), so in small-sized 
ionized water clusters, OH radical is energetically preferred to 
be excluded from the first solvation shell of H3O

+. It is 
therefore reasonable to expect OH radical to reside on second 
solvation for n ~ 5. As the size of the clusters increases (that is 
by including additional H2O to form more complex H-bond 
network), the fact OH is a strong donor77–79 should emerge. 
This property of OH radical would promote OH to donate H-
bond to other water molecules. Given these two competing 
factors and the formation of more complex H-bond network 
intrinsic to large water clusters, the solvation of OH radical in 
large-sized becomes a challenging task. 

In addition to the lack of direct experimental evidence in the 
well resolved free OH stretching region, co-existence of 
multiple isomers is expected (especially for n ≥ 5) under 
experimental conditions.23 In 2013, Mizuse and Fujii compared 
spectra of (H2O)n

+, n<8 with and without Ar attachment and 
characterized isomeric structures.28 They also attempted to 
address the influence of temperature on the structure of (H2O)n

+ 
and determine the number of water molecules between H3O

+ 
and OH radical. On the theoretical end, the enormous number 
of possible isomers hinders an extensive search with high-level 
ab initio methods. Recently, Do and Besley29 carried out an 
extensive search for global minima of (H2O)n

+, n ≤ 9 based on 
B3LYP/6-31+G* and basin-hoping algorithm. They further re-
optimized selected isomers with MP2 and other high-level ab 

initio methods to find that PT structures are more stable than 
the Hm structures. Low-energy minima they found yield 
spectra in the free OH stretching region comparable to 
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experimental data. However, spectral features in the H-bonded 
OH stretching (that is below 3400 cm-1) were not studied. 

In this work, we aim to understand the solvation of OH 
radical in the H-bond network of (H2O)n

+ by an ab initio based 
theoretical approach. First, we carried out an extensive search 
for different conformations of (H2O)n

+, n ≤ 8 using a different 
approach from that of Do and Besley. Our method is based on 
the knowledge of neutral and protonated water clusters and 
chemical properties of (H2O)n

+. We collected many structurally 
distinct isomers and confirmed that we have the same global 
minimum for n ≤ 6 as reported by Do and Besley. In addition, 
we identified energetically more stable isomers for n > 7 
clusters. With these collected structures, we simulated 
temperature dependent properties such as the structural 
evolution and solvation of OH radical in (H2O)n

+. New 
vibrational peaks seen in experimental data in the H-bonded 
OH stretching regions (3200 ~ 3400 cm-1) were assigned to be 
the vibrational signatures of fully solvated OH radical.  

II. Methodology 

In this work, initial structures of cationic water cluster were 
generated either by removing an electron from the stable minimum 
of neutral water clusters or by removing a H-atom from the stable 
minimum of protonated water clusters. The former scheme 
mimicked the ionization process from stable forms of neutral 
clusters and the later scheme was based on the similarity in H-Bond 
network of H+(H2O)n and (H2O)n

+ suggested by IR spectra from 
Fujii’s group. The underlying concept of our structural searching 
method is based on our previous studies on neutral80 and 
protonated64 water clusters. The validity of this approach can be 
tracked by to the work by Singer et al on comparing the H-bond 
network of (H2O)8 and OH(H2O)7.

77 They found the relative stability 
of different isomers of (H2O)8 and OH(H2O)7 is governed by the 
same H-bond pattern. Furthermore, in our previous studies on 
H+(H2O)n and (H2O)n the energy landscape of these clusters were 
extensively searched with a combination of genetic algorithm, 
empirical models and ab initio methods. 64,80,81 We are confident that 
we are able to locate a wide range of structural isomers of H+(H2O)n 
and (H2O)n.  

Geometry optimizations with BH&HLYP and B3LYP using 
Gaussian 09 program package89 were carried out to refine structure 
of (H2O)n

+, n=5~8. Since BH&HLYP functional gave a reasonably 
close result to the high-level calculations at CCSD(T)/CBS for 
cationic water dimer system being reported by several studies, 19,27 
geometric optimization from initial structures were first carried out 
with BH&HLYP/aug-cc-pVDZ basis set. In order to compare with 
the results reported by Do and Besley29, additional geometry 
optimizations at B3LYP level with 6-31+G* basis set were also 
performed. 

A significant number of optimized structures were archived 
throughout the process. We should note here that some of the local 
minima we encountered in this process likely represent very similar 
region of the PES and these duplicate structures, if not removed, 
would make the simulation results unreliable as their contributions 
could artificially be amplified. In this work, the ultrafast structure 
recognition (USR) algorithm83,84 is used to filter out duplicate 
structures. Under USR algorithm, the similarity of two structures is 
measured by an index (we called similarity index) with values 
ranging from 0 to 1. A value of 0 indicates that two structures are 
totally different, whereas the other extreme (when similarity index is 
equal to 1) represent a perfect match. In our study, a newly 
discovered structure is deemed as a duplicate if the similarity index 
to any of the existing structures in the archive exceeds a threshold of 

0.95. For the optimized structures, harmonic frequency calculations 
were also carried out to confirm these structures are true energy 
minima.  

Our approach is shown to be quite effective to find the minimum 
structure as most of our initial structures resulted in stable minima of 
(H2O)n

+ clusters Furthermore, since our initial structures inherit 
different types of H-bond networks in neutral and protonated water 
clusters; both energetically favourable and unfavourable structural 
isomers will be captured and preserved in our scheme. To prove the 
efficiency of our approach, we compared our results with those 
obtained by Do and Besley on the PES of B3LYP/6-31+G* and 
found that we have the same global minima for n ≤ 6. For larger 
ones (that is n=7 and 8), we found energetically more stable isomers. 
Another advantage of our method over Basin-Hopping algorithm is 
that we are not limited to low-energy regions. The isomers we found 
cover an energy range of more than 10 kcal/mol. Thus, we believe 
that a more complete coverage of the rough energy landscape of 
(H2O)n

+ was achieved. 

III. Results and discussion 

Structure and Energetics of (H2O)n
+, n = 5 – 8 

We located 34, 97, 309 and 606 structurally distinct isomers for 

(H2O)n
+, n=5, 6, 7 and 8 respectively. Relative energetics (with 

zero-point energy correction) of these stable isomers of (H2O)n
+ 

described by BH&HLYP/aug-cc-pVDZ are shown in Fig. 1. It 

is clear that proton-transferred (PT) isomers (labeled as black 

circles) are energetically more stable than the Hemi-bonded 

(Hm) isomers (labeled as orange squares). For n=5~8, the 

relative energies of the most stable PT and Hm structures are 

consistently differed by more than 10 kcal/mol – a trend 

confirmed by CCSD(T) for n=2, 3 and 4 in previous theoretical 

works.27,90 Re-optimization of these structures using CCSD(T) 

with large basis set is beyond our current computational 

capacity, but in the future it would be important to check if this 

energetic difference can be confirmed by high-level ab intio 

methods. 
 

 
Fig. 1 Relative energy of the stable isomers of (H2O)n

+ found by our 
searching method with BH&HLYP/aug-cc-pVDZ. Proton-transferred 
(PT) isomers are black-coded circles and Hemi-bonded (Hm) isomers 
are shown as brown squares. A much clear figure, which contains 
topology information, can be found in supporting information. 
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Fig. 2 Comparison on the relative energetics of the isomers of (H2O)n

+, 
n=5-8 described by BH&HLYP/aug-cc-pVDZ (y-axis) and B3LYP/6-
31+G*(x-axis). PT and Hm structures are shown in black and brown. 
Global minima found by Do and Besley is shown in green. PT 
structures that turn into Hm are shown in blue triangle. 
 

In order to compare with previous work by Do and Besley, we 
re-optimized all stable isomers we found with B3LYP/6-
31+G*. The comparison on the relative energetics with these 
two exchange and correlation functionals is depicted in Fig. 2 
with the most stable structures found by Do and Besley 
highlighted in green. Even using B3LYP as a standard for 
comparison, it is obvious that our searching method can 
identify energetically more stable isomers for n=7 and n=8. 
This is clear evidence that our search scheme works well in 
exploring low energy region of the PES of (H2O)n

+. 
Furthermore, it is also obvious from Fig. 2 that B3LYP/6-
31+G* artificially favors the energetics of Hm structures – a 
deficiency noted in several studies on dimer and trimer19,25,27. It 
is also worth mentioning that some of the PT isomers (stable 
under BH&HLYP/aug-cc-pVDZ) were re-optimized into Hm 
forms by B3LYP/6-31+G* and they are shown as blue 
triangles. Since our approach is motivated by the connection 
between (H2O)n

+ to their neutral and protonated counterpart, its 
validity will not be linked to the success/failure of certain 
exchange and correlation functionals under DFT. 
 
 

 
Fig. 3 The most stable structures of (H2O)n

+ in different topological groups. To guide the eyes, the O atom of H3O
+, OH radical and H2O are shown 

in yellow, blue and red. The relative energies with ZPE correction (in kcal/mol) are shown in parenthesis. The coordinate of those structures and 
comparison on the relative energetics among several DFT functionals and MP2 can be found in supporting information. 
 
 Due to the large number of stable local minima we have 
found, it is impossible to show all the structures in the 
manuscript. For simplicity and for bookkeeping purposes, we 
have categorized all the structures by their topologies: linear, 
tree, single-ring, double-ring and multiple-rings.  In Fig. 3, only 
some of the representatives – the most stable isomer in each 
topological group – are shown. Their ZPE corrected relative 
energies by BH&HLYP/aug-cc-pVDZ are shown in 
parentheses. Comparison on the relative energetics among 
several DFT functionals and MP2 can be found in supporting 
materials. 

For n=5, only three types of topologies (tree/branch, single ring 
and linear forms) were found and the most stable isomer is a tree 
structure. The 4th most stable isomer has a 4-member ring structure 
with ~ 1 kcal/mol higher than the global minimum. For n=6, a 
single-ring structure (with a 4-member ring) is the most stable 
isomer with a very small margin and there are many tree structures 
that dominate the low-energy region (see Fig. 1). At this size, we 
found a few double-ring and triple-ring structures, but their relative 
energies are much higher (5.02 kcal/mol and 7.62 kcal/mol 
respectively). For n=7, four out of the five lowest energy minima 
have single-ring with both 4- and 5-member ring. Within 2 kcal/mol, 
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one can find a mixture of single-ring and tree structures. The 
competition between these two types of isomers gives rise to a 
structural change at low temperature – a point we will discuss latter. 
For n=8, single-ring structures (with different ring sizes) dominate 
the low-energy region (below 1.59 kcal/mol). The most stable 
double-ring structure is ranked 18th with 1.48 kcal/mol higher in 
energy. The most stable branch/tree is ranked 40th with 1.93 
kcal/mol higher in energy. While the energies of double- and 
multiple-ring structures seem to be comparable to tree isomers, they 
are not competitive in free energy even at elevated temperature. 

Temperature Dependence on the Population of isomers & 

Coordination number of OH  

To get a more quantitative analysis on the contributions of all the 
isomers, one can engage quantum harmonic superposition 
approximation (Q-HSA) to calculate populations of different groups 
of isomers at finite temperature.85,86 Under this scheme, the total 
partition function (Z(β)) is taken as a direct sum of contributions 
from all local minima. Within harmonic approximation, the 
contribution from isomer a can be written as 

Z
a

(β ) = exp(−βE
a
)

exp(−βhω
f

a / 2)

1− exp(−βhω
f

a )f

∏
,

 

where β=(1/kBT), E
a

 is the electronic energy, and ω
f

a  is the f-th 

vibrational frequency of isomer a. 
 

 
Fig. 4 Temperature dependence of the population of different topological 
groups for (H2O)n

+, n=5~8. The population of each topological group is 
obtained by considering all the possible isomers in each group In n=6 to 8, 
single-rings are energetically more favourable, but as temperature increases 
tree structures takes over. The relevant of these structural changes with IR 
spectra (shown in Fig.6) is presented in main text. 
 

With the above-mentioned scheme, the population of each 
type of topological group can be calculated by including all 
isomers we found and the results are compiled in Fig.4. Similar 
to the notion learnt from browsing through low-energy minima 
of (H2O)5

+, tree structures are found to dominate the entire 
temperature range we examine (that is up to ~ 650K).  This 
prediction is consistent with experimental IR data by Fujii’s 
group that spectra of (H2O)5

+ with and without Ar attachments 
do not show any significant spectroscopic features of 
populating other types of isomers.  

For n=6, the most stable form is single-ring, but as 
temperature increases above 50K tree structures take over. We 
also should point out that hexamer has several tree structures 
with minor differences in their IR spectral features. Consistent 

with our calculated results, Mizuse and Fujii observed subtle 
changes of the free OH stretching modes of different tree 
isomers between 3550 and 3570cm-1 in their Ar-tagged 
(H2O)6

+. In our calculations, linear structures manage to gain 
marginal percentage ~ 400K, however, this is a temperature 
region too high to be observed by infrared pre-dissociation 
(IRPD) spectra.  

The morphology of (H2O)7
+ and (H2O)8

+ show similar 
temperature dependence – that is single-ring isomers dominates 
low temperature region (up to 100K for n=7 and up to 150K 
n=8) before tree structures take over and become dominating 
species at ~ 200K. These structural/isomer changes occur in a 
temperature range that is most likely accessible by IRPD. In the 
next section, we will discuss IR spectra of (H2O)7

+ and compare 
with experimental data obtained by Mizuse and Fujii. We 
should note here that even though our calculations suggest that 
temporal change will be more significant in n=8, Ar-tagged 
(H2O)8

+ is not yet available for comparison. 
 

         
Fig. 5 Temperature dependence of the coordination number of OH 
radical in (H2O)n

+, n=5~8. 
 
The solvation of OH radical moiety in (H2O)n

+ is yet another 
interesting issue to be examined. With Q-HSA, we are able to 
analyze the temperature dependence of the coordination 
number of OH radical in (H2O)5~8

+ and the results are shown in 
Fig. 5. For (H2O)5

+, the dominance of tree structure with OH 
radical at terminal site is consistent with coordination nature of 
OH radical as single-acceptor throughout the entire temperature 
range. For (H2O)6

+, OH radical in single-ring structure is a 
single-donor and double-acceptor (representative structures can 
be found in Fig.3). As temperature rises, the coordination 
number of OH radical quickly drops and stabilizes at ~ 1.2 at 
T≥200K. At this temperature range, tree structures begin to take 
over, but OH radical does not go to the terminal site completely 
(as the averaged possibility as donor remains at ~20%). Thus, 
we shall expect some OH radical to form H-bonds (as both the 
donor and acceptor) with other water molecules. For (H2O)7

+ 
and (H2O)8

+, single-ring structures survive to T~200K, thus we 
can see that the coordination number of OH radical remains 
very high. This finding is an encouraging indication that 
suggests fully solvated OH radical should make reasonable 
contributions to the experimental IR spectra in the H-bonded 
OH stretch region. In the next section, we will come back to 
this point. 

IR Spectra 
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Under Q-HSA scheme, temperature-dependent IR spectra can be 
computed by summing up the contributions from all isomers with 
proper statistical weights using the following form: ��������, 	
 �
∑ �
��
�
�	

 , where Pa(T)=Za(β)/Z(β) and Ia(ω) is the spectrum of 
isomer a with the harmonic frequencies scaled by a factor of 0.920.19 
In addition, the spectra are convoluted with a homogeneous width 
proposed by Takahashi et al based the vibrational decay lifetime (Γ) 
of the OH stretching modes.87,88 The width we used can be written as 

Γ � α�∆ω
� � �������	�� ����������	��

�, where ∆ω is the red 

shift of the H-bonded OH band peak with respect to the free OH 
peak of the experimental spectra of (H2O)n

+. The parameters � and   
were determined by using the least-squares fitting procedure to fit 
experiment data from Fujii’s group. The parameters table for each 
size can be found in supporting information. 
 

Fig. 6 Experimental and simulated IR spectrum of water cluster cation. Simulated spectra were extracted based on thermal condition at T=200K. The 
decomposition of vibration peaks into blue (the stretch of terminal OH) and red (the stretch of water to terminal OH) is based on the assignments of Mizuse 
and Fujii. In our calculations, we found two new bands: the stretch of 1st solvation shell to 2nd shell is shown in green and the stretch of solvated OH is in 
purple. 

 
To understand spectra of neat (H2O)n

+ by Fujii’s group23, we 
simulate IR spectra of (H2O)n

+ based on population of different 
isomers at 200K and compare them with experimental data in Fig.6. 
Vibrational bands above 3600cm-1 come from free OH stretching 
modes of water molecules with different coordination numbers. 
These modes have been used extensively to identify the 
morphological development in water clusters.23 Therefore, 
consistency between experimental data and our calculated spectra in 
this region indicates that the topology of the H-bond network of 
(H2O)n

+ is well described in our simulations. The stretching mode of 
free OH of the radical has been assigned to be the band at ~ 3550 
cm-1 by Fujii.28 These bands are highlighted in blue in both 
experimental and calculated spectra. Similar to experimental data, 
these blue bands in our simulation start to overlap with red bands 
(assigned to Ow-H…Oterminal

radical  by Fujii) at ~ 3500 cm-1 for n ≥ 6.  
In addition to overall agreements between experimental and 

simulated spectra, our calculations offer some advantages – that is 
we can keep track of the contribution of each isomer in our 
simulated spectra. Contributions from different OH stretching modes 
can be  unambiguously assigned. Our interpretation of the nearly 
disappearance of free OH band of the radical at n ≥ 7 is mainly due 
to the decline in their related populations. The decrease in intensity 
of the red bands is also a consistent indication that OH radical begins 
to function as H-bond donors and form more complex H-bond 
network. 

In experimental spectra of (H2O)6
+, a relatively broad absorption 

between 3100 and 3400cm–1 was observed. Moreover, in (H2O)7
+ 

and (H2O)8
+, two separated bands emerge at 3200 cm-1 and 3350 cm-

1, respectively. According to our calculations, vibration modes 
around 3400cm-1 (shown in green) can be attributed to Ow-H…Ow  

between water molecules in the first and second solvation shell of 
H3O

+. Increase in intensity of these green bands is due to 
the complete second hydration shell. The vibrational signature to 
account for fully solvated OH radicals is found to be a band 
~3200cm-1. In our calculations, we highlighted the H-bonded OH 
stretching modes in Oradical-H…Ow as the purple bands. These purple 
bands occur at below 3200cm-1 in (H2O)6

+. As size of cation clusters 
grow, these purple bands blueshifts to be slightly above 3200cm-1. 
Furthermore, the intensity of both the purple bands gradually 
increase from n=6 to n=8 indicating the percentage of fully solvated 
OH increases. For n=8, one can clearly see that OH radical are more 
likely to be embedded in H-bonded network as a donor and acceptor 
than stay on the terminal site (characterized by the blue bands).  
      To access the effects of temperature on the structural 
changes of (H2O)n

+,  one can compare spectra of neat and Ar-
tagged (H2O)n

+ because the weaker binding energy of Ar to 
(H2O)n

+ gives a lower upper limit of the vibrational temperature 
of Ar-tagged (H2O)n

+. Mizuse and Fujii compared experimental 
spectra of neat and Ar-tagged (H2O)7

+ and noticed several 
significant spectral changes. In Fig. 7, we compare our 
simulated spectra at 75K and 200K to experimental spectra of 
Ar-tagged and neat (H2O)7

+ respectively. It is clear that the 
main difference between simulated spectra at 75K and 200K is 
the increase in intensity of the purple (due to fully solvated OH) 
band and decrease of the green (due to O1st

w-H…O2nd
w) band. 

The same notion can be found by comparing experimental 
spectra of Ar-tagged and neat (H2O)7

+. Consistency in these IR 
spectral features in H-bonded OH stretching modes between 
experimental data and our predictions based ab initio 
calculations not only grant us an evidence of fully solvated OH 
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radical but also demonstrate the importance of proper sampling 
of different conformation of water radical cation clusters. 
 

 
Fig. 7 Experimental spectra of neat and Ar-tagged (H2O)7

+ are 
compared against our simulated spectra of (H2O)7

+ at 200K and 75K 
respectively. Color coding of vibrational bands followes the same 
defintions used in Fig. 6. 

Conclusions 

In this study, we reported an extensive search of the 
conformational isomers of (H2O)n

+, n=5-8. By comparing with 
previous global search using basin-hopping algorithm by Do 
and Besley, we demonstrated our approach based on previous 
understanding of the H-bond network of neutral and protonated 
water cluster is an efficient and effective method. With 
BH&HLYP with aug-cc-pVDZ, we were able to locate a few 
hundred stable isomers. Proton-transferred (PT) structures are 
found to be energetically more stable than their hemi-bonded 
(Hm) counterparts by ~ 10 kcal/mol for up to n=8. While 
accuracy of BH&HLYP/aug-cc-pVDZ remains to be tested for 
n ≥ 5, the stable isomers were found can be further tested by 
high-level of ab intio methods to validate the performance of 
density functional methods. The stable local minima we found 
enable us to get a statistical average mimicking the ensemble 
average near experimental conditions. A consistent picture on 
the structural and temporal evolution of (H2O)5~8

+ has been 
obtained by comparing to the free OH stretching modes in 
IRPD. Furthermore, our DFT calculations show that OH radical 
begin to form H-bond with water molecules at n=7 and 8. 
Vibration signatures of fully solvation OH radical at 3200 ~ 
3400 cm-1 are proposed and our findings agrees well with 
experimental spectra of (H2O)n

+ and H+(H2O)n. 
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