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addition, the hydrated pyrimidine series is shifted to higher additions at lower drift cell 

temperatures, following the usual clustering trend. 
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Figure 10. Mass spectra resulting upon the injection of mass-selected pyrimidine radical cation 

into a mixture of H2O mixed with helium gas using 12.7 eV (lab) as injection energy and 2.5 

V/cm drift field. Drift cell temperature and pressure are indicated 
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 The high number of collisions, at least 10
5
, with the reactant mixture quickly establishes 

equilibria among the injected ions and hydrated product ions. The concentrations of both the 

reactant and product ions are measured using the integrated intensity of the selected ATD of the 

ion of interest. When the equilibrium is established, a constant ratio of the integrated intensity of 

the product to the reactant is maintained at constant pressure and temperature which indicates 

that the measured equilibrium constant is independent on the residence time. The residence time 

is controlled by the applied drift field. In addition, ATDs of the reactant ions and the hydrated 

product ions identical indicating equal residence times.  

 The equilibrium constant, Keq, of the stepwise hydration reaction of pyrimidine
.+

 (4.1) 

can be measured using equation (4.2). 

]).([]).([ 2
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244212
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244 nn OHNHCOHOHNHC
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244 ).(NHC 



nOHI ,  nOHI ).(NHC 2

.

244


are the integrated intensities of ATDs of the 

reactant and product cluster ions of the association reaction (4.1), respectively and OHP
2

is the 

pressure of water, in Torr. The equilibrium constant, Keq, was measured at different temperatures 

and from van’t-Hoff equation (4.3), H and
S values are obtained from the slope and 

intercept, respectively. van’t-Hoff plots are obtained by plotting Rln Keq versus 1000/T, where T 

is the drift cell temperature, in Kelvin. 
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 Arrival time distributions shown in Figure 11 illustrate identical arrival times of 

[Pyrimidine
+.

(H2O)n]; with n=1-5, which in turn indicate the equilibrium establishment under our 

experimental conditions. However, ATDs of the formed hydrated pyrimidine are divided into 

two separate groups. The [Pyrimidine
+
.(H2O)n] with n=1-3 have equal arrival times while 

[Pyrimidine
+
.(H2O)n] with n=3-5 have equal but longer arrival times. The division of ATDs into 

two groups can be attributed to the disappearance of the small cluster ions at lower drift cell 

temperatures. Moreover, protonated water clusters [H
+
(H2O)n]; n ≥4 have been observed as can 

be seen in the mass-spectra displayed in Figure 10. Their formation can be attributed to the 

dissociative proton transfer reaction as shown in equation (4.4):  

4];).([]).([ 2

.

234212244  

 nOHHNHCOHOHNHC nn  (4.4) 

This reaction is the major source of the observed protonated water cluster series in Figure 10 and 

it has been observed before in the hydration of benzene radical cation.
10,20,33

 The proton transfer 

reaction exhibits a critical cluster size dependence at n≥4 which can be rationalized by the proton 

affinity of (H2O)4 relative to that of the C4H3N2 radical, as shown in Table 2.
9,31
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* Calculated by B3LYP/6-311++G(d,p) 

Table 2. Proton affinities of water clusters in comparison to that of pyrimidine 

 

4.4.2.2. Thermochemistry measurements and structural implications 

 The equilibrium constants of the stepwise hydration reaction (4.1) were measured at 

different temperatures yielding van’t-Hoff plots as can be seen in Figure 12. From van’t-Hoff 

plots, the binding energies and entropy changes were obtained and summarized below in Table 3. 

The binding energies follow the usual decreasing trend as the degree of hydration increases. This 

can be attributed to the decrease in ion-dipole interaction as the number of water molecules 

increases.
22

 Moreover, the entropy loss decreases as n increases which is expected for more and 

more weakly bound solvent molecules. In fact, the largest entropy loss is expected for the first 

Cluster Proton Affinity (kcal/mol) 

H2O 165±1 

(H2O)2 197±1 

(H2O)3 206±1 

(H2O)4 215±1 

(H2O)5 216±1 

Pyrimidine 212±1 

C4H3N2 206* 
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step as a result of significant loss in the degrees of freedom of both the ion and the ligand.
22

 

Moreover, both the binding energy and the measured entropy loss values agree with the expected 

values for hydrogen bonds.
22

 For comparison, thermochemical values of the hydration of 

benzene, pyridine and protonated pyridine cations are shown as well.
17,20,33

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. (Left) ATDs of pyrimidine
.+

 (H2O)n; n=1-3, collected when mass-selected 

pyrimidine
.+ 

is injected into the drift cell contains 0.21 of water vapor in a mixture with 0.22 Torr 

helium buffer gas at 268 K. (Right) ATDs of pyrimidine
.+

 (H2O)n; n=3-5, collected when mass-

selected pyrimidine
.+ 

is injected into the drift cell contains 0.19 Torr of water vapor in a mixture 

with 0.22 Torr of helium buffer gas at 243 K 
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Figure 12. van’t Hoff plots of the established equilibria among pyrimidine
+.

(H2O)n clusters; with 

n= 0-4 resulting from injecting pyrimidine radical cation in the mass-selected mode into the drift 

cell which has 0.24 Torr H2O mixed with 0.23 Torr of helium gas using 12.7 eV injection energy 

and 2.5 V/cm drift field. Drift cell temperature was varied in the range of (238 K-283 K) 
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 Pyrimidine
.+

  Pyridine
.+ d

  PyridineH
+ d

 Benzene
.+ e

  

n  -∆H
o a 

 -∆S
o b

  BE
 c
  BE

 c,*
 -∆H

o a
  -∆S

o b
  -∆H

o a
 -∆S

o b
 -∆H

o a
  -∆S

o b
  

1 11.9 23.6 10.7 9.9 15.2 33.1 15.6 27.0 9.0 19.5 

2 11.4 22.9 9.9 8.8 9.9 19.0 11.5 26.0 8.0 18.9 

3 9.0 19.5 9.1 8.2 8.8 20.2 6.9 17.1 8.0  

4 7.9 17.6 9.0 7.4 7.1 15.3   10.3 22.4 

 a  
∆H°n-1,n units are kcal/mol ,

b
 ∆S°n-1,n units are cal/mol.K, 

c 
Binding energy calculated by 

B3LYP/6-311++G(d,p) (
* 

with BSSE correction included), 
d
 Ref(Pyridine)

17
 and 

e 
Ref 

(Benzene)
20,33

  

Table 3. Measured Thermochemistry (-∆H
°
n-1,n and -∆S

°
n-1,n) of the formation of 

Pyrimidine
.+

.(H2O)n clusters; with n=1-4 for pyrimidine radical cation in comparison to the 

corresponding values of benzene, pyridine and protonated pyridine cations and the corresponding 

calculated binding energies  

 

 Pyrimidine
.+

 can bind to water molecules via two different types of hydrogen bonds. One 

via CH
δ+

---O hydrogen bonds, which would be relatively weak as reported in  benzene
.+

 

hydration example.
20,33  

It can bind also via NH
+
---O hydrogen bonds, which would be stronger 

than the former case; similar to the protonated pyridine hydration example.
17

 On comparing the 

experimentally measured values, reported in Table 3, it can be noticed that pyrimidine 

thermochemical values are more similar to the benzene
.+

 example rather than the pyridine
.+

 case. 

Pyridine
.+

 shows similar hydration pattern to that of H
+
pyridine. So, it was concluded the 
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distonic ions are formed in [pyridine
.+

(H2O)n].
151

 In particular, the first added water molecule 

shows a weaker binding to the pyrimidine than to the pyridine cation. This suggests that the first 

hydration site does not involve the N-site but rather C-H sites. This observation suggests that the 

formation of distonic pyrimidine ion in the pyrimidine.H2O complex can be ruled out. 

4.4.2.3. Theoretical calculations and structures  

 Density functional theory (DFT) was employed at the B3LYP/6-311++G(d,p) level to 

calculate the total energies and to optimize the structures of [pyrimidine
.+

(H2O)n] ions.
152-154

 

From the thermochemistry comparisons of pyrimidine
.+

 with both benzene
.+

 and pyridine
.+

, the 

first water molecule binds more weakly to the pyrimidine cation than the corresponding one in 

the pyridine cation case. Thus, the most likely hydration site is not expected to the N-site but 

rather C-H sites. This can be attributed to the charge localization on the aromatic H-atoms is 

higher than the charge on N-atoms. Therefore, NBO distribution of charges on pyrimidine
.+

, 

H
+
pyrimidine and H2O is shown below in Table 4. The charge distribution perceives that the 

water interaction with pyrimidine
.+

 will be through the O-atom to H2 which has a charge number 

of +0.27 which is a little higher than that assigned for H1 which has +0.25. Moreover, partial 

charge transfer from the ion to the water moiety can occur as shown in Figure 13. As shown in 

Table 3, the predicted binding energies using B3LYP/6-311++G(d,p) agree well with the 

experimental values.  

 The lowest energy isomer of [pyrimidine
.+

(H2O)] predicted by B3LYP/6-311+G(d,p) 

level calculations is listed as (1-a) in Table 5. (1-a) structure has a bifurcated structure which has 

the O-atom of water molecule bound to two aromatic hydrogen atoms through 1.92 Ǻ and 3.70 Ǻ 

hydrogen bonds. This bifurcated structure of (1-a) resembles the predicted structure of 

[C6H6
.+

(H2O)].
20,33

 Structure (1-b) is predicted to be 0.4 kcal/mol less stable than (1-a) structure 
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and it has simple 1.93 Ǻ hydrogen bond formation with the H1-atom. The third isomer listed in 

Table 5 is (1-c) which has a single hydrogen bond with the pyrimidine
.+ 

(H3) of 2.00 Ǻ length 

and 9.5 kcal/mol binding energy.  

 The optimized structures of the [pyrimidine
.+

(H2O)2] isomers are displayed in Table 6. 

Structure (2-a) is the lowest energy isomer; it has external hydration pattern in which the two 

water molecules are connected by a hydrogen bond. The newly formed bond is predicted to be of 

1.78 Ǻ length and 9.9 kcal/mol binding energy. The internal hydration structures (2-b) and (2-c) 

are 0.3 and 0.5 kcal/mol higher in energy, respectively than (2-a). Structure (2-b) has a 

symmetric geometry with the two water molecules forming bifurcated structure with the 

aromatic H-atoms of the pyrimidine ion core. Structure (2-c) has the second water molecule to 

hydrogen bond with H1-atom through 1.96 Ǻ and 9.4 kcal/mol binding energy. 

 Table 7 displays the lowest energy structures predicted at the B3LYP/6-311++G(d,p) 

level of [pyrimidine
.+

(H2O)3]. The lowest energy structure [pyrimidine
.+

(H2O)3] is (3-a). (3-a) 

has third water molecule to bind to the pyrimidine ion core through two aromatic hydrogen 

bonds forming a bifurcated structure. (3-a) isomer shows 9.1 kcal/mol binding energy for the 

third water molecule. (3-b) is the second stable structure for [pyrimidine
.+

(H2O)3]. It has the third 

water molecule to be hydrogen bonded through 1.97 Ǻ bond to H1 which results in a binding 

energy of 9.1 kcal/mol. The third stable structure in the [pyrimidine
.+

(H2O)3] list has the structure 

shown in (3-c) of Table 7. Structure (3-c) expresses external hydration pattern in which the three 

water molecules are hydrogen bonded to each other forming a symmetric structure. Interestingly, 

(3-c) was predicted to be only 0.2 kcal/mol less stable than (3-a) at the B3LYP/6-311++G(d,p) 

level of the theory.  
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 The three lowest energy isomers predicted for [pyrimidine
.+

(H2O)4] are shown below (see 

Table 8). (4-a) has the lowest energy. Isomer (4-a) has external hydration pattern which 

elucidates the hydrogen abstraction process by the water clusters to form [H
+
(H2O)n], which 

starts to be formed at n=4. However, internally hydrated structures [(4-b) and (4-c)] are only 0.2 

kcal/mol and 0.6 kcal/mol higher in energy than (4-a), respectively; (see Table 8) 

Name Optimized Structure Total Charge 

C4H4N2
.+ 

 

1.0 

H
+
C4H4N2 

 

 

1.0 

H2O 

 

0.0 

Table 4. Theoretically optimized structures using B3LYP/6-311++G(d,p) with NBO charge 

distribution of C4H4N2
.+

, H
+
(C4H4N2) and H2O 

H2 

H3 H1 

H2 

H4 

H1 

H2 H3 

H5 



 

 

55 

 

 

Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

1-a 

 

 

0.0 10.7 (*9.9) 

1-b 

 

 

0.4 10.3 (*9.5) 

1-c 

 

 

1.2 9.5 (*8.8) 

a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 5. Theoretically optimized structures using B3LYP/6-311++G(d,p) of C4H4N2
.+

(H2O). 

Distances are in Angstroms 

 

 

 

1.92 

3.70  

1.93 

2.00 
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Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

2-a 

 

0.0 9.9 (*8.8) 

2-b 

 

 

0.3 9.6 (*8.8) 

2-c 

 

 

0.5 9.4 (*8.7) 

a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 6. Theoretically optimized structures using B3LYP/6-311++G(d,p) of C4H4N2
.+

(H2O)2. 

Distances are in Angstroms 

 

 

 

1.96  

1.96  

3.72                        

3.72 

1.95  

1.96 

3.70 

1.80 

1.78 

3.53 
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Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

3-a 

 

 

0.0 9.1 (*8.1) 

3-b 

 

 0.0 9.1 (*8.2) 

3-c 

 

 

0.2 8.9 (*7.6) 

a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 7. Theoretically optimized structures using B3LYP/6-311++G(d,p) of C4H4N2
.+

(H2O)3. 

Distances are in Angstroms 

 

  

1.67

1.80

1.80

1.98  

1.84 

3.72 

3.57 

1.80 

1.84  

3.54 

1.79  

1.97 
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Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

4-a 

 

 

0.0 9.0 (*7.4) 

4-b 

 

 

0.2 8.8 (*7.8) 

4-c 

 

 

0.6 8.4 (*7.5) 

 
a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 8. Theoretically optimized structures using B3LYP/6-311++G(d,p) of C4H4N2
.+

(H2O)4. 

Distances are in Angstroms 

 

 

 

1.81 

1.87  

1.87 

3.59 

3.59                                    

1.81 

1.99  

1.79  

3.48 

1.71 
1.80  

1.77 1.77 

1.63 

1.97 1.97 

3.48 
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Figure 13. Charge transfer from pyrimidine radical cation to water cluster as hydration degree n 

evolves  

 

4.4.3. Gas Phase Hydration of Protonated Pyrimidine  

4.4.3.1. Mass-spectra 

 Figure 14 displays the mass-spectra resulting upon injecting the protonated pyrimidine 

into the drift cell which contains a mixture of water vapor and helium gas at various drift cell 

temperatures. The temperature is varied between 300 K and 235 K, which is the lowest attainable 

temperature before water freezing. 10% H2 in He was used as a carrier gas to generate the 

protonated pyrimidine cation. At 300 K, [H
+
pyrimidine.(H2O)] was the only observed product 
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while at 235 K, the hydrated protonated pyrimidine series is shifted to higher additions, 

following the usual clustering trends.  
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Figure 14. Mass spectra resulting upon protonated pyrimidine cation (H
+
Py) injection into a 

mixture of water vapor (W) and helium gas using 13.9 eV (laboratory frame) injection energy 

and 2.2 V/cm drift field. Drift cell temperature and pressure are varied as indicated 
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our experimental conditions. However, ATDs of the formed hydrated pyrimidine are divided into 

two separate groups; in each an equilibrium state was established. The division of the ATDs into 

two groups occurs as a result of disappearance of the small clusters at low temperatures. 

 On the other hand, the formation of the observed protonated water clusters (see Figure 

14) can be attributed to the dissociative proton transfer reaction as shown in equation (4.7):
20,33

 

4];).([]).([ 2

.

244212244  



 nOHHNHCOHOHNHCH nn                 (4.7) 

The proton transfer reaction represents critical cluster size dependence which can be rationalized 

by the proton affinities of the water clusters versus that of pyrimidine as shown in Table 2. As 

for reaction (4.7) to become feasible, a minimal number of four water molecules is required in 

order to extract the proton from the aromatic cation. These results agree excellently with the 

previously reported DFT calculations which investigated the proton transfer process 

quantitatively. These theoretical studies followed the electron density motion among the relevant 

subunits and showed the gradual movement of the proton from the pyrimidine to the water 

subunit side.
62

   

 The equilibrium constants of the stepwise hydration reaction (4.5) were measured at 

different temperatures yielding van’t-Hoff plots shown in Figure 16 as explained in the 

experimental section. From van’t-Hoff plots depicted in Figure 16. The binding energies (-ΔH˚) 

and entropy changes (ΔS˚) of the stepwise hydration steps were obtained and summarized below 

in Table 9, which also includes the theoretically calculated corresponding values. The binding 

energies follow the usual decreasing trend as the degree of hydration increases due to the 

repulsion among the water molecules and charge delocalization.
22

 For comparison, 

thermochemical values of the hydration of protonated pyridine cations are shown as well.
17

 It 

also worth noting that the calculated binding energies are in good agreement with their 
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corresponding measured values within the experimental uncertainty (±1 kcal/mol) which 

elucidates the sufficiency of the employed calculation level.  

 

 

 

Figure 15. (Left) ATDs of protonated pyrimidine cation (H
+
Py) and [H

+
pyrimidine (H2O)] 

collected at 344 K and drift cell field of 2.5 V/cm. (Right) ATDs of [H
+
pyrimidine (H2O)n]; n=1-

3, collected at 242 K and 2.5 V/cm as drift cell field 

 

 

 

 

 

H
+
Pyrimidine(H

2
O)

2

0.5 1.0 1.5 2.0

H
+
Pyrimidine(H

2
O)

3

 

In
te

n
s
it
y
 (

a
rb

.u
n
it
s
)

Arrival Time (ms)

H
+
Pyrimidine(H

2
O)H

+
Pyrimidine

0.2 0.4 0.6 0.8 1.0

 

H
+
Pyrimidine(H

2
O)

In
te

n
s
it
y
 (

a
rb

. 
u
n
it
s
)

Arrival Time (ms)

 



 

 

64 

 

 

2.7 3.0 3.3 3.6 3.9 4.2 4.5

6

8

10

12

14

16

18

20

 

 
R

ln
K

 (
c
a

l.m
o

l-1
.K

-1
)

1000/T (K
-1
)

n=2

n=1

n=3

 

Figure 16. van’t Hoff plots of the established equilibria among [H
+
pyrimidine.(H2O)n] clusters; 

with n= 0-3 resulting from injecting the mass-selected protonated pyrimidine cation into the drift 

cell which has 0.47 Torr H2O mixed with 0.44 Torr of helium gas using 13.9 eV injection energy 

(lab) and 2.5 V/cm drift field. Drift cell temperature was varied in the range of (235 K-333 K) 
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a
 ∆H°n-1,n units are kcal/mol ,

b
 ∆S°n-1,n units are cal/mol.K, 

c 
Binding energy calculated by 

B3LYP/6-311++G(d,p) (
* 
with BSSE correction) , and 

d 
Ref. (Pyridine)

17
.
  

Table 9. Measured Thermochemistry values (-∆H
°
n-1,n and -∆S

°
n-1,n) of the formation of 

H
+
pyrimidine.(H2O)n clusters; with n=1-3 for protonated pyrimidine cation in comparison to the 

corresponding values of protonated pyridine cations and the calculated binding energy values 

 

4.4.3.3. Theoretically calculated structures 

 H
+
pyrimidine can bind to water molecules via two different types of hydrogen bonds. 

One via CH
δ+

---O hydrogen bonds, which would be relatively weak as reported in  benzene
.+

 

hydration example
20,33  

or via NH
δ+

---O hydrogen bonds, which are stronger similar to the 

hydration of the protonated pyridine.
17

 By checking the experimentally measured values, 

reported in Table 9, it can be noticed that the protonated pyrimidine binding energy values are 

very similar to the protonated pyridine example especially in the first two additions. This implies 

a strong similarity in the resultant structures in both cases. This can be explained by the 

similarity in the charge distribution in their optimized structures. The charge distribution in 

protonated pyrimidine, shown in Table 4, shows more localized charge on the proton (H4) which 

 Protonated Pyrimidine Protonated Pyridine
d
 

n -∆H
o a

 -∆S
o b

 BE
 c
 -∆H

o a
 -∆S

o b
 

1 15.3 34.1 17.1 
*
(16.0) 15.6 27.0 

2 12.7 35.6 12.2 
*
(11.1) 11.5 26.0 

3 11.0 34.9 10.5 
*
(9.5) 6.9 17.1 
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resembles the example of the protonated pyridine as the protonation occurs exclusively on the N-

atom.
17,135

 Moreover, our calculation results agree excellently with previous high level 

calculation studies in locating the lowest energy protonated isomer.
17,131,151

 In fact as shown in 

Table 10, in the lowest energy [H
+
pyrimidine (H2O)], the water molecule is attached to the NH 

via a NH
+
---O hydrogen bond which simulates the hydration pattern of protonated pyridine 

cations.
17,131,151

 Structure (1-a) has a 1.69 Å hydrogen bond with 17.1 kcal/mol binding energy. 

This accounts for the binding energy similarity between the hydrated pyrimidine with the 

protonated pyridine. The second water molecule binds to the first water molecule by a 1.73 Å 

hydrogen bond forming a linear chain while the first hydrogen bond shortens to be 1.59 Å, see 

(2-a) in Table 10. Moreover, when two water molecules bind to the H
+
pyrimidine through 

internal hydration pattern, the optimized structure (2-b) was found to be 3.6 kcal/mol higher in 

energy than (2-a) at the B3LYP/6-311++G(d,p). 

 The third water molecule binds to the first one by 1.77 Å hydrogen bond; forming the 

symmetric structure, shown in Table 11 as (3-a). Therefore, external hydration pattern seems to 

be more energetically favorable; which can explain the proton transfer from the protonated 

pyrimidine cation to the water moiety, explained in detail in Table 12. Proton transfer process 

from the pyrimidine moiety to the water cluster can be depicted in the N---H bond length versus 

H---W one, as appears in Tables 10 and 11. As the number of added water molecules (n) 

increases, the former bond weakens while the later one strengthens as can be pointed out from 

the structures shown below. This eventually leads to the protonated water clusters formation 

noticed in Figure 14. Moreover, two additional less stable structures are considered, namely, (3-

b) and (3-c). In fact, structures (3-a) through (3-c) present external hydration pattern. Moreover, 
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slow partial charge transfer is accompanying the hydration of H
+
pyrimidine cation with the 

increasing number of water molecules n as shown in Figure 17. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 10. Theoretically optimized structures using B3LYP/6-311++G(d,p) of 

[H
+
C4H4N2(H2O)n]; n=0-2. Distances are in Angstroms 

Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

H
+
py 

 

0.0  

1-a 

 

 

0.0 17.1 (*16.0) 

2-a 

 

 

0.0 12.2 (*11.1) 

 

2-b 

 

 

3.6 8.6 (*7.8) 

(a) H
+
pyrimidine 

1.02  

1.05  1.69  

1.59 

1.06  

1.73 

1.04  

1.72  

3.32  

2.03  
3.93 
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a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 11. Theoretically optimized structures using B3LYP/6-311++G(d,p) of 

[H
+
C4H4N2

.+
(H2O)3]. Distances are in Angstroms 

 

 

Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

3-a 

 

 

0.0 10.5 (
*
9.5) 

3-b 

 

 

0.7 9.8 (
*
8.8) 

3-c 

 

 

1.0 9.5 (
*
8.5) 

 

 

1.49 

1.09  

1.77  

1.77  

2.66 

1.52 

1.76  
1.08  

1.88  

1.54 

1.64 

1.78  

1.07  
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n N---H4 (Å) O---H4 (Å) 

0 1.02 ∞ 

1 1.05 1.69 

2 1.06 1.59 

3 1.09 1.49 

 

Table 12. Intracluster proton transfer in [H
+
pyrimidine. (H2O)n] from H

+
pyrimidine to water 

cluster as a function of hydration degree n. 
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Figure 17. Partial charge transfer from H
+
pyrimidine to (water)n as a function of hydration 

degree n 
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4.5. Conclusions 

 Using ion mobility measurements, structures of the binary pyrimidine-water have been 

identified. Moreover, it was observed that the protonated species are more predominant over 

their corresponding unprotonated ions. This observation is consistent with the previously 

reported results which investigated the proton transfer reactions in these clusters.
62,145,146

  

 Equilibrium measurements have been used to investigate the hydration of pyrimidine 

radical cation on a molecular level. Stepwise association of water molecules onto the injected 

mass-selected pyrimidine
.+

 results in the formation of [pyrimidine
.+

(H2O)n]; with n=1-5. 

Thermochemistry measurements and theoretical calculations verified the similarity of the 

pyrimidine
.+

 hydration to that of benzene
.+

 rather than pyridine
.+

. In both the pyrimidine
.+

 and 

benzene
.+

 hydration studies, hydrogen bonding with the aromatic H-atoms was observed. For 

comparison, the thermochemistry of stepwise hydration of the protonated pyrimidine using 

hydration equilibrium measurements is reported. Comparing the hydration of the protonated 

pyrimidine with the protonated pyridine suggests a strong similarity in the hydrated structures of 

H
+
pyrimidine with those of H

+
pyridine. In both cases, the hydrated structures involve NH

+
---O 

bonds. In fact, theoretical calculations identified the protonation site to be on the N-atom similar 

to the H
+
pyridine

 
example.

17
  

 In addition, we have attributed the observed series of protonated water clusters to 

dissociative proton transfer reactions previously reported in the hydration of the benzene
.+

.
33
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Chapter 5: Sequential solvation of Protonated pyrimidine cation 

with methanol and acetonitrile molecules in the gas phase 
 

5.1. Introduction  

 The replacement of water (H2O) with Methanol (CH3OH) in the H
+
pyrimidine(solvent)n 

clusters probes the distinct hydrogen bonding properties of the two solvents. The loss of half the 

hydrogen bonding hydrogen atoms in methanol (CH3OH) relative to H2O can be expected to 

promote the chain-like growth over the cyclic hydrogen bonded structures common for water 

clusters. On the other hand, the presence of acetonitrile (CH3CN) in the H
+
pyrimidine(CH3CN)n 

clusters should show blocked structures that prevent the formation of extended hydrogen bonded 

chains.
78

 

 Moreover, both of CH3OH and CH3CN have higher proton affinities than H2O; 186 

kcal/mol for CH3CN, 180 kcal/mol for CH3OH versus 165 kcal/mol for H2O.
31

 The dipole 

moments of H2O (1.85 D) is slightly higher than that of CH3OH (1.69 D).
31

 This would lead to 

different intermolecular interaction preference toward hydrogen bonded interactions over the 

charge-dipole ones in the H
+
pyrimidine(CH3OH)n clusters.

9
 Acetonitrile, in addition to having 

higher proton affinity than both water and methanol, it has distinctly higher dipole moment than 

both of them as well (3.92 D).
155

  

 In the present study, the gas phase stepwise solvations of protonated pyrimidine by 1-3 

CH3OH, and CH3CN molecules are examined. Two kinds of hydrogen bonds can be formed 

through the interaction of the methanol and acetonitrile molecules with the protonated 

pyrimidine, NH
δ+

---O, or CH
δ+

---O bonds in case of methanol while NH
δ+

---N, or CH
δ+

---N 
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bonds in case of acetonitrile. These systems are studies by employing the thermochemical 

equilibrium measurements using the mass-selected ion mobility technique in combination with  

(DFT) computational methods to determine the solvation sites and to locate the lowest energy 

isomers.
156

 Such studies provide useful information about the individual binding energies and 

structures of the solvated cations. Moreover, it provides a basis for comparing CH3OH and 

CH3CN with H2O in their hydrogen bonding affinities to the protonated pyrimidine cation.  

5.2.  Mobility measurements and structure determination of the binary 

clusters 

5.2.1. Mass-spectra of the binary pyrimidine-methanol and pyrimidine-acetonitrile 

clusters            

 Supersonic expansion of a mixture of pyrimidine/solvent introduced by passing helium 

carrier gas through a glass bubbler contains a mixture of liquid pyrimidine and methanol or 

acetonitrile in a ratio of 1 to 2. This appeared to be an efficient route to get mixed binary clusters 

of pyrimidine/methanol as shown in Figure 18 while the binary clusters of 

pyrimidine/acetonitrile are shown in Figure 19.
150
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Figure 18. Mass-spectrum resulting from injecting the protonated pyrimidine cation in the RF-

selection mode into the drift cell which contains 0.83 Torr of helium using an injection energy of 

13.9 eV (lab) and drift voltage of 4.6 V/cm. The temperature of the drift cell was 300 K. The 

sample mixture is composed of pyrimidine: methanol in a ratio of 1:2  
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Figure 19. Binary clusters of pyrimidine-acetonitrile resulting from injecting the pyrimidine 

radical cation in the RF-selection mode into the drift cell which contains 1.23 Torr of helium 

using injection energy of 13.9 eV (lab) and drift voltage of 4.0 V/cm. The temperature of the 

drift cell was 302 K. The sample mixture is composed of pyrimidine: acetonitrile in a ratio of 1:2 

 

5.2.2. Ion mobility measurements         

 The reduced mobility constants of the observed clusters were measured under low field 

conditions (E/N<5.1 Td) at 300 K using 14 eV (lab. Frame) as injection energy. Figure 20 

illustrates typical examples of ATDs of the protonated pyrimidine solvated by a single methanol 

molecule at different applied drift cell voltages. Figure 21 illustrates the ATDs of protonated 

pyrimidine solvated by a single acetonitrile molecule at different applied drift cell voltages. The 
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reduced mobilities and their corresponding collision cross-section values are tabulated in Table 

13 in addition to those calculated via the trajectory method of the lowest energy DFT-structures 

shown below in Figure 22. Moreover, the protonated pyrimidine dimer (H
+
Py2) appeared to have 

relative exceptional stability with respect to its non-protonated analogue (Py2
.+

). Pyrimidine 

dimer (Py2
.+

) was not observed in cases of water, methanol, or acetonitrile mixed clusters. This 

observation can be rationalized to a stable structure for the protonated species (see Figure 22e). 
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Figure 20. ATDs of [H
+
pyrimidine (CH3OH)] on varying the drift voltage from 10 to 24V 
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Figure 21. ATDs of [H
+
pyrimidine (CH3CN)] on varying the drift voltage from 22 to 28V 

resulting from injecting [H
+
pyrimidine (CH3CN)] in the RF-mode using injection energy of 15 

eV(laboratory frame). The measurement was done at 303 K 
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Figure 22. B3LYP/6-311++G(d,p) optimized structures of (a)Pyrimidine
.+

 (b)Protonated 

pyrimidine [H
+
pyrimidine] (c)[H

+
pyrimidine (CH3OH)] (c)[H

+
pyrimidine (CH3CN)] (e) 

Protonated pyrimidine dimer [H
+
(Pyrimidine)2]. The experimental collision cross-sections and 

the calculated values are indicated for the room temperature measurements 

  

(a) 

Ω (calc.) =44.4 Ǻ
2
 

Ω (exp.) =44.9 Ǻ
2
 

1.02  

(b) 

Ω (calc.) =44.9 Ǻ
2
 

Ω (exp.) =46.1 Ǻ
2
 

(e) 

Ω (calc.) =74.7 Ǻ
2
 

Ω (exp.) =77.0 Ǻ
2
 

1.11 1.59 

Ω (calc.) =66.0 Ǻ
2
 

Ω (exp.) =66.8 Ǻ
2
 

 

(d) 

1.05 

1.73 

Ω (calc.) =66.0 Ǻ
2
 

Ω (exp.) =66.8 Ǻ
2
 

 

(c) 

1.06 

1.63 

Ω (calc.) =61.5 Ǻ
2
 

Ω (exp.) =63.0 Ǻ
2
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Cluster ion T
 
(K) K0(exp.)

a
 Ω(exp.)

b
 K0(cal.)

*,a
 Ω(cal.)

*,b
 

Pyrimidine 299 12.20 44.9 12.34 44.4 

H
+
Pyrimidine 301 11.85 46.1 12.16 44.9 

H
+
Pyrimidine(CH3OH) 300 8.62 63.0 8.84 61.5 

H
+
Pyrimidine(CH3CN) 302 8.09 66.8 8.18 66.0 

H
+
(Pyrimidine)2 300 7.02 77.0 7.20 74.9 

H
+
(Pyrimidine)2 225 8.05 82.8 7.92 78.8 

 

a 
K0 in cm

2
.V

-1
.s

-1  b
 Ω in Ǻ

2 
* Calculated by DFT (B3LYP/6-311++G(d,p))

 

Table 13. Mobility and cross section values for various binary clusters obtained using 

pyrimidine/methanol and pyrimidine/acetonitrile solvent mixtures 

 

5.3. Gas-Phase Thermochemical Equilibrium Measurements 

5.3.1. Gas-Phase Solvation of Protonated Pyrimidine Cation by Methanol 

 On injecting pyrimidine radical cation into the drift cell containing a gas mixture of 

methanol vapor and helium gas, only the protonated series; [H
+
pyrimidine (CH3OH)n]; with n=0-

3 could be observed as shown below in Figure 23. The protonation of the injected pyrimidine 

occurs exclusively even at very low concentrations of methanol and very short residence times.  



 

 

79 

 

This implies that proton transfer reaction is very fast which can be rationalized to the fact that the 

proton affinity of pyrimidine is higher than that of methanol by about 30 kcal/mol.
22,31
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Figure 23. Mass spectra resulting upon pyrimidine radical cation (Py
.+

) injection via 12.7 eV 

(lab) injection energy and 2.2 V/cm drift field into a mixture of methanol (M) and helium gas. 

Drift cell temperature and total pressure are varied as indicated 
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a  
∆H°n-1,n units are kcal/mol, 

b
 ∆S°n-1,n units are cal/mol.K, and 

c 
Binding energy calculated by 

B3LYP/6-311++G(d,p) (
* 
with BSSE correction). 

Table 15. Binding energies and entropy changes from van’t-Hoff plots (Figure 25) along with 

calculated binding energies using B3LYP/6-311++G(d,p) 

 

5.3.1.2. Theoretical calculations 

 Methanol binds to the protonated pyrimidine core by relatively stronger hydrogen bond 

of 1.63 Å than the water example, as displayed in Table 17 as (1-a). However, (1-b) structure has 

a bifurcated structure in which the O-atom of methanol is hydrogen bonded to two CH- aromatic 

hydrogen atoms. (1-b) structure was predicted to lie at 10.3 kcal/mol higher in energy than (1-a).  

 The second methanol molecule binds to the first by 1.70 Å hydrogen bond favoring 

external solvation pattern while the first hydrogen bond shortens to 1.52Ǻ; see structure (2-a) in 

Table 18. (2-b) structure was predicted at B3LYP/6-311++G(d,p) to be 4.3 kcal/mol higher in 

energy than (2-a). Isomer (2-c) showed internally solvated structure. However it is 5.4 kcal/mol 

less stable than (2-a).   

n -∆H
o a

 -∆S
o b

 BE
 c
 

1 18.2 26.9 19.4 
*
 (18.0) 

2 12.8 27.4 13.3 
*
 (12.7)

 

3 11.8 31.3 9.9 
*
 (8.8) 


