Chapter 4

The Structures of CHNHz and CHPHy*+ in Water
Clusters
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Abstract

The structures of CHBNH3+(H20)n (n=0,1,2,3,4,5,6,9,10) and

(Hp0)3CHaNHg " (H,0), (m = 0,1,2,3,6) clusters in the gas phase are

m
determined by ab initio MINI-1 and 4-31G (for n = 0,1,2,3,4,5,6;
m=0,1,2,3) basis sets. Excellent correlations are found between
the structural parameters and charge on the H of the outermost
H,0 in CH3NH3+(H20)H. Based on these structures, the structure
of CHgNH;" in aqueous solution is qualitatively predicted.

Also, 1 quantitatively determine the structure of CH3NH3+ in
aqueous golution considering the electron correlation based on
the coptimized structures of CH3NH3+(H20)n (n =
0,1,2,3,4,5,6,9,21) using the 4-31G basis set and MP2/6-31G(d) (n
= 0,1,2,3,4,5,6). The predicted structure of CH3NH3+ in agueous
solution is as follow: C-N = 1.479 %, N-H = 1.047 R, C-H = L.088
%, NCH = 108.9nand CNH = 108.51 The C-N bond length of CH3NH3+ in
aqueous solution is predicted to be smaller than that in the gas
phase by 0.03 ;.

Next I determing the structures of CHSPH3+(H20)n (n =
0,1,2,3) using MP2/6-31+G(d,p)}. The structure of CHBPHS+ moiety
in CHBPH3+(H20)H almost does not change with the n increment.

Therefore, it is predicted that the structure of CH3PH3+ in

aqueous solution is almost equal to that in the gas phase.
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1. Introduction

Since many biologically important species such as amino
aclids and peptides have —NH3+ groups, the structure of RNH3+ in
aqueous solution is interesting. However, it is difficult to
determine the structure of RNH3+ in agqueous solution at the
present stage of experimentation and theory.

The purpose of this chapter is to predict the structure of
CH3NH3* in aqueous solution, as the initial step in determining
the struclture of RNH3+ in aquecus solution. EIn Study (A}, I
gualitatively predicted the structure of CH3NH3+ in agueousg
solution at ten vyears agoe. In Study (B), I guantitatively
predicted the structure of CH3NH3+ in agueous solution, recently,

It is predicted that the structure of CHaPH3' in aqueous

solution is almost egqual to that in the gas phase.

2. Method

+
CHBNHB

Study (A)

The structures of CH3NH3+(H20)n (n = 0,1,2,3,4,5,6,9,10) and
(HZO)SCH3NH3+(H20)m {m = 0,1,2,3,6) clusters in gas phase were
determined by ab initio MINI-1 ([1] and 4-31G [2] (for n =
0,1,2,3,4,5,6; m = 0,1,2,3) basis sets in Fig. 1 and 2. Based on
these structures, the structure of CH3NH3+ in agueous solution

was predicted. The MINI-1 is powerful tocl for calculating
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molecular interactions (3}. The 4-31G works well for the
protonated clusters [4].

All computations were carried out on a HITAC M-680 computer
at the Computer Center of the Institute for Molecular Science
(IMS). The GAUSSIAN 82 program was used. For H,0, H3O+, CHgNH,,
(CHg)4N" and CHgNH3"(H,0), (n = 0, 1, 2, 3), all geometrical
parameters were fully optimized by the energy gradient metheds in
GAUSSIAN 82. For CHgNHg3"'(M,0), (n = 4,5,6,9,10), only a partial
optimization was carried out in view of the negligible structural
change in CHgNH4" and H,0 by HyO + CHaNHz (H,0)y; —>
CHaNH,; " (H,0) 4. The OH...0 angles were fixed at 1807, and the
OH...OH dibhedral angfes were fixed at 190&. Because this
assumption did not affect the geometry except for the OH...OH
dihedral angle, electronic structures and total energy of
CH3NH3+(H20)4, this assumpltion is acceptable. Similarly, the
structures of (H,0)aCHgNHg (H,0), (m = 0,1,2,3,6), (Hp0), (n =
2,3,7) and (HZO)(CH3)4_N+ were partially coptimized.

The total energies (Eq) obtained were then used to compute
stabilization energies (KXEn—l,n): ZlEn-l,n = ET(CHBNH3+(H20)H) -
Bqp(CHgNH3 " (1,0) ) - Ep(Hy0). In MINI-1, the stabilization
energy corrected for basis set superposition error (BSSE) by the
counterpoise method [5) was also computed. For the analysis of
electronic structures, the Mulliken population analysis was used.

The proton affinity difference between solute and solwvent is
important {067]. For the evaluation of reliability of the MINI-1
and 4-31CG bhasis sets, the proton affinity differences between

CHaNH, and H,0 by the MINI-L and 4-31G basis sets were compared
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with that determined by experimental enthalpy. Also, for the
evaluation of the reliability of the ab initio method in the
hydrophobic bond (HZO...CH3NH3+), the interaction energies
between H,0 and (CH3)4hﬁ' estimated by ab initio were compared
with the experimental enthalpy. The conformation of (CH3)4N+ was
taken from Ref. [7]. For (H20)(CH3)4N+, the 3-Me complex in Ref.
[7] was used, only the N...0 bond distance was optimized, the
other parametlters were identical with the wvalues in H,0 and
(CHz)4N*, the C-N...0 bond angle was fixed at 180 and the C-

N...0-H dihedral angles were fixed at 0 and 1800.

Study (B)
Pudzianowski made the following statement [8]: Del Bene has
established [9] that the optimized geometries of small, binary

complexres with strong H-bonds essentially converge at the MP2/6-
31+G(d,p) level of ab initio methodology. Subsequent studies at
higher levels of methodology [10—12] show that optimized
geometries for a number of complexes change very little beyond
the MP2/6-31+G(d,p) level while the extra computational effort
can increase dramaltically.

Therefore, 1 essentially used MP2/6-31G(d) for the agueous
clusters in this study. For too large clusters which can not be
optimized using MP2/6-31G(d), I used the 4-31G(d)} basis set.

Using the ab initio closed-shell SCF method with the energy
gradient technique, I carried out geometry optimization with the
4-316  basis set for CHaNHg7(H,0), (n = 0,1,2,3),

CH3NH3+(H20)3(H20)N (m = 1,2,3,6) (3 water molecules exist in
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first solvent shell and m water molecules exist in second solvent
shell. As notation in this article, CH3NH3+(H20)3(H20)m is
identical to CH3NH3+(H£O)m+3.) and CHgNHg3V (H50)3(Hy0)g(Hy0) gy (3
water molecules exist in first sclvent shell, 6 in the second and
12 in the third., 1In this study, CHgNHg"(H50)3(H50)g(H,0) o is
identical to CH4NH4'(H,0)97) in Fig. 1. The 4-31G basis set works
well for the protonated clusters [4]. For CH3NH3+(H20)n (n =
0,1,2,3) and CHaNH4(Hy0)4(H,0), (m = 1,2,3,6), full optimizations
were performed. For CHBNH3+(H20)3(H20)6(H20)12, partial
optimization was performed. The C-N bond length of
CHgNH4 " (Hy0)4(H50) 5(H,0) with full optimization was only 0.0002 A
longer than that of CHaNH3 (H,0)3(H,0)g(H50) with partial
optimization,. Therefora, this partial optimization was
acceptable.

Also, the MPZ/6-31G{(d) calculations were performed for
CHaNH3 Y (H,0),, (n = 0,1,2,3) and CHgNH3" (Hy0)q(Hp0)y (m = 1,2,3),
CH3NH3+(H20)n (n i_g) cannot be optimized due to the limitation
of program. For CHBNH3"'(H20)n (n = 0,1,2,3), full optimization
was performed. TFor CH3NH3+(H20)3(H20)m (m = 1,2,3), only a
partial optimization was carried out in view of the negligible
structural changes in CH4NH3' and H50 by He0 + CHaNHg  (Hp0)y —
CH4NHL T (H,0) 4. |

The orientation of the water molecules is as follow: There
may be many conformations of water molecules around the CHSNHS+
ion. However, it is expected that when the 0-H...0 angles are at
almost 186: the clusters are energically preferable., In fact,

o
according to 4-31G results, the O-H.,.0 angles are at almost 180.
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When the full optimizations were performed, I also carried
out vibrational analysis at the optimized structures to confirm
that all vibrational frequencies are real.

The energy changes (AEn—l,n) of

CHaNHg" (HyO), 1 + Hy0 —> CHgNHa*(H,0),
were calculated by the following formula:

AEn_y 5 = E(CHgNH3" (Hp0),) = E(CHgNH3"(Hy0), 1) - E(H,0)
The enthalpy changes (AHZQBKn_l'n) were also calculated by a
similar formula.

AI—IngK - Z_\EEO N /_\EVO + A(AEVZQBK) + AErZQBK

r AEAIER Py,
where A E,° is electronic energy change, AES° is the change in
the zero-point energy, /A (A EVZQBK) is the change in the
vibrational energy on going to 258K, and the remaining quantities
are for the changes in rotational and translational energy and
the work term which were treated classically.

Proton affinity difference between solute and solvent is
important {[13]. For the evaluation of reliability of the 4-31G
basis set and MP2,/6-31G{d), the proton affinity differences
between CHgNH, and H,0 by the 4-31G basis set and MP2/6-31G(4)
were compared with the value determined by experimental enthalpy.

I used the Gaussian 94 ([14] program and the SPZ2, HPC and

HSP computers in the Institute for Molecular Science.,
CHgPHy"
I fully oplimized the structures of CH3PH3+(HzO)r1 (n =
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0,1,2,3) using MP2/6-31+G(d,p) in Fig. 3. I also performed
vibrational analysis for all clusters at the optimized structures
to confirm that all vibrational frequencies are real.

I used the Gaussian 94 program and the SX-5 computer in the

Institute for Molecular Science.
3. Results and discussion
CHaNH5"

Study (A)

The proton affinity differences estimated by the MINI-1 (47
kcal/mol) and 4-31G (48 kecal/mol) basis sets agree with that
determined experimentally (48 kecal/mol) f{15]. The interaction
energies between H,0 and (CH3)4N+ in the MINI-1 basis set (43
kJ/mol) and in the 4-31G hasis set (54 kJ/mol) almost agree with
the experimental enthalpy (38 kJ/mol) [7]. Table 1 shows the
stabilization energy, that energy corrected for the BSSE and
experimental fx“ﬂ—l,n' Tables 2 and 3 show the changes of each
optimized structural parameter, the charges on CHg (qCHg) and on
the H (qH) of the outermost H,0, and the Mulliken population
between C-N (Pn_y) in CH3NH3+(H20)n with each n increment.

I felt that the MINI-1 and 4-31G results were reasonable,
except that 'kan—l,n are 1.5 times larger than ‘ﬁLHOn—l,n and
MINI-1 overestimates the C-N, N-H and C-H bond diétanGES by 0.03,
0.05 and 0.05 R, respectively. Correcting for the overestimated

[s] o
C-N (-0.03 A), N-H and C-H (-0.05% A) bond distances, I obtain
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acceptable bond distances.

When n becomes larger, the following can be noted: (1) The
charge on the H of the outermost H,0 and 'ZlEn-l,n in
CHgNH3"(Hy0), are smaller, similarly to those in HY(H,0)_ [17].
(2) The plus charge on CHq more strongly transfers to (BE50),. and
then the resonance structure CHz'...NH; contributes less to
CHgNHq". As a result, .the C-N bond distance, the charge on CHq
and the population between C-N in CHBNH3+(H2D)n approach those
in CHBNHZ. (3) The N-H bond elongates more because (HZO)n has a
greater attraction for H in N-H. (4) These changes for n-1 —> n
are smaller; The first solvent shell greatly affects the
structure of CiHaNH5". The effect of the second solvent shell is
about 1/3 of the effect of the first solvent shell. The effect
of ‘the tenth Ho0 is very small.

From the results of CH3NH3+(H20)R, a least-squares fit
yields

p = aqy + b, (1)
where p are the sltructural parameters, the charge on CHq or the
population betwoen C-N in CH3NH3+(H20)n. The ahsolute correlation
coefficients between p and gy are over 0.99, except for the N-H
bond distance in MINI-1 (0.908) and 4-316 (0.970), and the CNH
bond angle in MINI-1 (0.975). Also, a similar equation with
excellant correlation coefficients yields

P = c/N\Eyq n *+ d. (2)

The charge on the H (gy) of the outermost H,0 in
CHgNH3 " (H,0),, (n —> o00) is equal teo that in (Hy0), (p —> .00).

That charge in (H,0), (n — oo) must be nearly equal to that in
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(Hy0)5 because the difference between that in HpO and in (Hp0)g
is significant (-0.014 e in MINI-1 and -0.01!5 e in 4-31G) and the
difference between that in (Hy0)g and in (HyO0)m is negligible (-
0.003 e). Thus, when gy in eq. (1) is equal toc the charge on the
outermost H in (Hy0)5, each parameter of CHsNH3+(H20)n (n —» o0)
is predicted (Tables 2 and 3). Also, by eqg. (2), I can predict
each parameter of CHgNH3'(H50), (n —> o00): ANEn_1,n (n —> o00)
is equal to the stabilization energy of HoO + (H2O)j—1 —_— (Hzo)j
(j —% o0}, which was approximated by the stabilization energy
for j = 3. The structure of CHBNH3+(H20)n (n —> o0o0) estimated by
ﬁkEnul,n = the stabilization energy for j = 3 in eqg. (2) agrees
with that using eqg. (1). The estimated structure of CH3NH3+ in
CHaNH43 " (H,0),, (n —> o0o0) was nearly the same as that in
CHgNH3 " (H50) .

Table 4 and 5 show the structural changes of CHaNHS+ by
(Hy0)q + CHgNH3'(H,0), -~ (H,0)3qCHgNH3V (H,0),. When the plus
charge on CHy (qCH3) in CH3NH3+(H20)n is smaller, the structural

changes (/\p) are smaller:

AP = eqCH? + F (high correlation coefficients) (3)
Also, the charge on HF (dy+) in (HZO)‘SCHsNH3+(H20)n correlates
ith :
With dey,
' = Ydcp, * h T4

The structure of CH3NH3+ changes by (HzO)k + CH3NH3+(H20)n -
—_ (HZO)kCHBNWJWPbO)n (k = 3) because the resonance structure
CHg%...NH3 1is stabillized due to the hydrophobic bond
((H?O)'3...CHSNH3+(HZO)D). Because the interaction HZO;..(CH3)4N+

is primarily electrostatic [18], the bond must be primarily



electrostatic, Thus, the structural changes of CHBNH3+ by this
reaction correlate with the charge on CHgq in CHBNH3+(H20)n.
Because the plus charge on CHg slightly transfers to H' by this
reaction, the charge on H' in (HZO)‘3CH3NH3+(H2Cnr‘ correlates
with the charge on CHg in CHgNHg*(H,0) .

When qCH3 in egs. (3) and (4) is egual to the charge on CHgy
in CHBNH3+(H20)n (n —> o00), the structural changes (/\p) of
CH3NH4" by previous rteaction and the charge on H  in
(Hy0) ' CH3NH3" (11,0) . (k = 3, n ~—> o00) can be predicted (Tables 4
and 5). Because the charge on H (k = 3, n —> oo0) is equal to
that in H,0, Ap (k, n -—> o0) must be equal to Ap (k = 3, n —»
co), which was very small. When the structure of CHSNH3+(H20)n
{n — o0} is corrected by Ap (k, n —» co0), I can predict the
gtructure of CII3NII3+ in aqueous solution (Tables 2 and 3).

Differences between the plus charge on CHg in CH3NH3+ in
aqueous solution and in ClHqNH, in the gas phase were 0.12 e in
the MINI-1 bhasis set and 0.07 e in the 4-31G basis set. It was
predicted that the resonance structure of CH3+...NH3 slightly
contributed to CHaNH3+ in aqueous solution.

Finally, from the results of CHSNH3+(H20)n (n = 1,2), I can
obtain egs. (l1') and (2'}) which are similar tc (1) and (2). The
estimated values of each parameter of CH3NH3+(H20)n (n —> o00) by
egs. (1') and (2') agree with those in egs. (1) and (2) (Tables 2
and 3). I may predict the structures of RNH3" (H,0), (n —> o00)
based on RNH3+(H20)n (n = 1,2), If the interaction
(HpO)p. . .RNH3 ' (H0), (k,n —> 00) is negligible, this predicted

structure may be the same as the structure of RNH3+ in agueous
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solution,

Study (B)

The proton affinity differences estimated by the 4—3.1(3 hasis
set (48 kcal/mol) and MP2/6-31G(d) (52 kcal/mol) agree with the
value determined by experimental enthalpy (48 kecal/mol) [15].

The clusters on wh‘ich vibrational analysis was performed
have all real vibrational frequencies and correspond to
equilibrium structures. Table 6 and 7 show the enthalpy change (-

AHZIBK ) for CHgNH4'(H,0), clusters. In the 4-31G basis set,

'ﬁSHZQBKn—l,n are 1.5 times larger than experimental “Zx]ion-l,n'
In the MP2/6-31G(d), -A [-1298Kn_1’n are slightly overestimated.
Tables 8 and 9 show the changes of each optimized structural
parameter and the charge on'CHB (qCHg) with the n increment. The
4-31G optimized structural parameters are almost equal to the
MP2/6-31G(d) optimized structural parameters. The trend for the
changes of these values with the n increment is the same as the
trend described in Study (A). Those changes result from the
following phenomenon: Primary, the plus charge on CHq transfers
more strongly to (H,0), and the resonance structure CH3+...NH3
contributes less to CI-13NI-13+ with the n increment. Secondary, the
N-H bond elongates more because (Hzo)n has a greater attraction
for H in N-H with the n increment.

In the 4-31G hasis set for CH3NH3+ moiety, the changes in C-
N bond length in the first, second and third solvent shells are

[4]
0.031, 0.011 and 0.006 A, respectively. A similar trend is

observed for the other structural parameters and the charge on
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CHa. Thus, the fourth solvent shell, fifth solvent shell and so
forth are neglected. That is to say, the structure of CH3NH3+ ion
in CHgNH4 " (H,0), __, .. is predicted to be almost equal to the
structure of CHyNHz" in CHaNHg" (Hy0)gq(Hy0)e(H50) 5.

From the results, a least-squares fit yields:

p = ag + b
where p are the structural parameters and charge on CHy of
CHgNH,;"  moiety in CHaNH3 ' (H,0), (n = 0,1,2,3) and
CH3NH3 " (H50)5(H,0), (m = 1,2,3) in the MP2/6-31G(d), and q are
those in the 4-31G basis set. The correlation coefficients
between p and ¢ are over 0.98. When the g are equal to values in
CHgNHa " (H50) __, 5o iN the 4-31G basis set (predicted above), each
parameter of Cl,NHy" moiety in CHaNH3 " (Hy0) 5 0o with MP2/6-
316(d) is predicted in Table 9. These predicted values for
CHqNHg " (H,0),__, o with MP2/6-31G(d) are acceptable for the
following reasons: The changes of the parameters of CH3NH3+
moiety in CH4NH,;'(H50), are very small with approaching n = 6.
Therefore, the predicted values of CHBNH3+ moiety in
CHSNH3+(H20)n——eoo are almost equal to those in CHaNHg' (H,0)g.

The water molecules around CHq of CH3NH3+(H20)n____>O0 have a
negligible impact on fhe structure of CH3NH3+ in aqueous

solution because the effect is very small using the oxygens of

water molecules oriented toward HaC (See Study (A)).
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H\. : N
H/oa,. th—NH3 (Hy0)
8]

T N

In agueous solution, the 0 of Hy,0 is not oriented toward
H3C. Therefore, the effect of water molecules around CH3 on the
gltructure of CH3NH3+ in aqueous solution is neglected. Thus, the
structure of CH3NI-I3'I in aqueous solution is predicted to be egqual
to the structure of CH3NH3+ moiety in CH3NH3+(H20)H~_%OO. In
MP2/6-31G(d) results, the predicted structure of CHzNH4Y in
aqueous solution is as follow: C-N = 1,479 ;, N-H = 1.047 ;, C-H
- 1.088 A, NCH - 108.9° and CNH = 108.5. The C-N bond length of
CHBNH3+ in aqueous solution is predicted to be smaller than that
in the gas phase by 0.03 R. The predicted structure of CH3NH3+
using the‘MINI—l hasis selt, 4-31G basis set and MP2/6-31G(4) in
aqueous solution is in Table 10. The structural parameters using
the three methods are predicted to have the same values. These
values are almost equal to the values in Study (A). Thus, the
procedure in Study (A) is useful. The C-N bond lengths of
CH3NH3+ in aqueous solution using the MINI-1 basis set,';~31G
basis set and MP2/6-31G{(d) are 1.486, 1.478 and 1.479 ;,
respectively. In general the MP2/6-31G(d) calculation has a
+0.005 ; errvor [l9]. Therefore, I believe that the C-~N bond

4]
length of CHSNH3+ in agueous solution is 1.479 + 0.005 A,

+
CH3PH3
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All clusters have all real vibrational frequencies and
correspond to equilibrium structures. Table 11 shows that the
structure of CH3PI-I3+ in CHEPH3+(H20)n almost does not change with
the n increment. It is predicted that (1) the contribution of
resonance structure, CH3+...PH3, does not change with the n
increment and (2) (H,0), has not a attraction for H in P-H bond,.
Therefore, it is predicted that the structure of CH3PH3+ in

agueous solution is almost equal to that in the gas phase.

Appendix

The optimized structural parameters will be provided upon

request (free of charge).
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Table 1

The total energy (Eg, a.u.) and stabilization energy (AEn_1 n-
r

kcal/mol) of CI—I3NH3"'(I-L20)n cluster in the gas phase

Cluster ~Eqp -ANEno1p “iﬁHg—l,na
MINI-1  4-310 MINI-1 -AE/® 4-31c

Hp0 75.49557 75.90864

CHyNH, 44,92466 95.44076

CHaNH,; " (Hy0)  170.46391 171.38915 27.5 23.9  24.8 16.8
CHqNH4 " (H,0),  245.99206 247.33099 20.5 17.2 20.8 14.6
CHaNH4 ' (HyO)q  321.51403 323.26750 16.5 13.4  17.4 12.3
CHqNHL " (H,0), 397.03201 399.20204 14.1 11.2  16.2 10.3
CHaNH; " (Hy0)5 472.54853 475.13561 13.1 10.3 15.5 9.0
CHgNH5 " (H,0)g 548.06390 551.06826 12.4 9.6 15.0 8.5

CHaNHg " (Hp0)g 774.59248

CH3NH3+(H20)1O 850.10230 8.8

8Ref. [16].

Dstabilization energy corrected for the BSSE in MINI-1.
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Table 2

The MINI-1 optimized structure of CHgNH3"(H,0), cluster in gas

phasea

Cluster C~N N-H C-H NCH CNH dchy Po_n® gyt

n =0 1.553 1.0689 1.128 108.5 111.0 0.340 0.271
1 1.537  1.077 1.12% 109.2 110.6 0.272 0.284 0.338
2 1.529 1,079 1.123 109.6 110.3 0.236 0.289 0.318
3 1.5%25 1.079 1,122 109.8 109.%9 0.210 0.291 0.306
4 1. %23 1.083 0.195 0.293 0.296
5 1.521 1.085 0.184 0.294 0.293
6 1.5%L9  1.086 0.175 0.295 0.291
9 L.5%16 1,091 0.152 0.297 0.280
10 1.516 0.146 0.297 0.281

CHgNH, 1.504 1.037 1.120 111.2 108.6 0.045 0.316

n—sooP 1.512 1,090 1.119 110.5 109.2 0.131 0.299 0.270

(1.510)¢1.,0843(1.118)(110.6)(109.6)(0.150){(0.301)
CH3NH3"‘an L.486 1.03% 1.073 110.1 109.2 0.161 0.297 0,270
8Mean values. Bond distances in A; angles in degrees.

b

on eq. (1').

Cphe C-N, N-H and C-H bond distances were corrected by -0.03,

Based on the eqg. (1).

Q
0.05 and -0.0% A, respectively.

dphe charge on CHaq.
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€The Mulliken population between C-N.

frhe charge on H in outermost HpO.
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Table 3

The 4-31G optimized structure of CH3NH3+(H20)H cluster in gas

phasea

Cluster C-N N-H C-H NCH CNH 9CH, Pe_nN dy

n =0 1.526  1.010 1.076 108.2 111.0 0.487 0.059
1 1.511 1.018 1,076 108.7 110.8 0.442 0.080 0.461
2 1.502 1.021 1.076 109.0 110.5 0.404 0.098 0.453
3 1.49% 1.022 1.076 109.2 110.1 0.372 0.113 0.445
4 1.493  1.024 0.361 0.117 0.442
5 1.490  1.025 0.351 0.122 0.441
6 1.488  1.026 0.342 0.126 0.439

CH4NHo 1.450 ©.994 1.084 111.1 116.4 0.219 0.211

n—: 00 1.469 1.032 1.076 110.0 109.0 0.260 0.164 0.420

(1.465)(1.033)(1.076)(110.2)(109.3)(0.247)(0.172)
CH3NH3+aq 1.471 1.027 1.077 109.6 109.0 (0.288) ©.139 0.420

8gee Table 2.
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Table 4
The struct ' ; / + '
uctural changes (/\) of CHgNHy" by (H50) g + CHgNHz*(H,0),
! o+
— (H20) 3CH3NH3'(H20)n, and the charge on H' {(dy+) of

(Hy0) '4CHgNH3 " (H,0) using MINI-12

n - - -

0 0.012 -0.004 0.007 -1.3 -0.003 -0.017 0.275
1 0.010 -0.009 0.006 -1.1 0.015 -0.014 0.270
2 0.009 -0.008 0.005 -0.9 0.021 -0.011 0.267
3 0.007 -0.007 0.005 -0.7 0.023 -0.009 0.265
6 0.005 0.016 -0.004 0.260
rb 0.975 0.996 0.979 0.975  0.812 0.969 0.989
oo® 0,004 -0.005 0.004 -0.4 0.030 -0.002 0.257
H,0 0.253

2
fpean values. Bond distances in A; angles in deg. Because ACNH

{n = 0) is negligible (-0.1" ), ACNH (n —> o00) is assumed to be
0.0".

Poorrelation coefficient with charge on CHg in CH3NH3+(H20)H.

For N-H, observations for m = 1,2,3 were used.

Cpased on eqs. (3) and (4).
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Table 5
The structural changes (/) of CH3NH3+ in the reaction (HZO)Is +
CHgNH5 Y (H,0),, —> (H,0) 3CH3NH3* (H,0),, and the charge on H'

(Qy) of (Hy0)'4CH4NHg  (H50), using 4-31G%

n AC-N  AN-I AC-H  ANCH  Adew, APeon Ty

0 0.020 -0.004 0.001L ~-1.6  -0.015 -0.048 0.425
1 0.016 -0.005 0.00% -1.3  -0.004 -0.046 0.420
2 0.013 -0.005 0.001 -0.9 0.002 -0.041 0.417
3 0.011 -0.005 0.001 -0.6 0.006 -0.036 0.413
r 0.997 - : 0.995 0.988  0.969 0.997
00 0.002 -0.005 0.001 -0.4 0.028 -0.025 0.402
H,0 : 0.402

]
8gee Table 4. Because ACNH (n = 0) is negligible (-0.6 ), /ACNH

. [#]
(n — o0) is assuncd to be 0.0 .
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Table 6

Enthalpy change (—fozgaKn_l’n) for CH3NH3+(HZOh]cluster with 4-

31G basis set

n 4-31G Experimenta
Etb "élgnwl,n 'ZSHzgaknwl,n "ﬁlHOn—l,n
{hartreao) (kcal/mol) (kcal/mol) (kcal/mol)
0 -95.44076
1 ~171.38915 24.9 23.1 16.8
2 -247.33112 20.9 19.0 14.6
3 -323.26797 17.7 15.9 12.3
4 -399, 20279 16.4 14.4 10.3
5 -47%5.,13648 15.7 13.7 9.0
b -551.06916 15.1 13.0 8.5
9 -778.84679
21 -1689.,92835
9Rref. [16].
PE(H,0) = -75.88251.
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Table 7

Enthalpy change (_£\H298Kn_lﬂ1) for CHBNH3+(H20)n cluster with

MP2/6-31G(d)

n MP2/6-~31G{d) Experiment®
. Db _ A 298k 0
By AEl’l—l,n AH n-1,n -AH n-1,n
{hartreo) (kcal/mol) (kcal/mol) (kcal /mol)
0 -9% . 86820
1 -172.10043 22.2 20.8 16.8
2 ~248.32756 19,0 17.4 14.6
3 -324.55069 16.5 14.9 12.3
4 ~400.76945 13.7 10.3
5 -476.,98725 13.1 9.0
6 -553.20418 12.6 8.5
SRef. [16].
PE(H,0) = -706.19685.
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Table 8

The 4-31G optimized structure of CH3NH3+(H20)n cluster in gas

phase®

n C-N  N-H  C-H  NCH CNH deng
0 1.526 1.010 1.076 108.2 111.0 0.488
1 1,51y 1.018 1.0%6 1i08.7 110.8 0.446
2 1.5072 1.021 1.076 109.0 110.5 0.405
3 1.49%  1.022 1.076 109.2 110.1 {0.366
4 1.592 1.024 1,077 109.2 110.1 0.357
5 1.490 1.025 1.077 109.3 110.1 0.353
6 1,488 1.026 1.077 109.3 110.0 0.338
9 1.484 1.029 1.077 109.3 109.3 0.313
21 1.478 1.033 (1.077)(109.3)(109.3) 0.304

CHqNH, 1,450 0.994 1.084 2111.1 116.4 0,219

4]
8Mean values. Bond distances in A; angles in degrees. The values
in parentheses arve fixed values,

Brhe charge on CHg.



Table 9

The MP2/6-31G(d) optimized structure of CHaNH5%(H,0), cluster in

gas phasea

n C-N  N-H C-H  NCH  CNH dc,

0 1.510 1.029 1.088 108.2 111.6 0.400
1 ' 1.502 1.035 1.088 108.5 111.0 0.365
2 1.149% 1.037 1.088 108.7 110.5 0.333
3 1.491 1.038 1.088 108.9 110.0 0.305
4 1.488 1.040 (1.088)(108.9)(110.0) 0.295
5 1.487 1.041 {1.088)(108.9)(110.0) 0.288
6 1.485 1.041 (1.088)(108.9)(110.0) 0.280
n—s oo 1.479 1.047 1.088 108.9 108.5 0.252
CHgNH, 1.46G6 1.018 1,095 111.0 109.5 0.137

8gee Table 8. bSee text.

117



Table 10

The structure of CHBNH3+

in aquecus solution

Method C-N N-H C-H NCH CNH q

CH 4
MINT-13 1.486 1.035 1.073 110.1 109. 0.161
4-3106 1.478 1.033 1.077 109.3 109. 0.304
4-31G% 1.469 1.032 1.076 110.0 109. 0.260
MP2/6-31(d) 1.479 1.047 1.088 108.9 108. 0.252

E{Study (A).
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Table 11

The MP2/6-31+G(d,p) optimized structure of CHyPH3%(H,0), cluster

in gas phase®

n c-p P-H C-H PCH CPH qCH5
Q 1.801 1.387 1.088 109.4 11i1.7 0,106
1 1.804 1.391 1.088 109.5 111.1 0.093
2 1,806 1.393 1.087 109.5 110.5 0.084
3 1.808 1.394 1.087 109.5 109.9 0.077
CH4PH, 1.859 1.408 1.08B8 110.6 97.8 -0.100

85ee Table 8,
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