J. Phys. Chem. R004,108,8801-8809 8801

Effects of Alkyl-Group Substitution on the Proton-Transfer Barriers in Ammonium and
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The effects of alkyl (CHand GHs) substitutions for hydrogen on the proton-transfer barriers in ammonium
nitrate (AN) and hydroxylammonium nitrate (HAN) are studied by using ab initio electronic structure
calculations. The optimized hydrogen-bonded neutral-pair structures and the ion-pair transition states for proton
transfer are determined at the B3LYP/6-31G(d,p) level. Zero-point energies, basis set superposition
corrections, and single-point MP2 calculations on the optimized structures are applied to obtain binding energies
for these hydrogen-bonded molecules. The alkyl substituents strengthen the hydrogen bonding in both the
neutral- and ion-pair complexes, but the ion-pair forms are stabilized to a greater extent, which results in a
decrease in the barrier to proton transfer and exchange. The energy barrier to proton transfer in AN is 8.1
kcal/mol, whereas in methylammonium (MeA), ethylammonium (EtA), and dimethylammonium (diMeA)
nitrate this barrier decreases to 4.1, 3.7, and 1.4 kcal/mol, respectively. The alkyl substitution reduces the
proton-transfer barrier, and the dialkyl substitution reduces it even further. A similar trend holds for HAN
and methylhydroxylammonium nitrate (MeHAN); the barrier to proton transfer from the most stable neutral-
pair HAN to the lowest-energy ion-pair configuration is 13.6 kcal/mol, whereas this barrier decreases to 9.5
kcal/mol in the corresponding MeHAN complex. The effect of the alkyl substitutions on the basicity and
strength of hydrogen bonds in the complex is discussed.

I. Introduction acid; specifically, we have investigated gas-phase complexes
composed of CkNH,, C;HsNHz, (CHs)2NH, and CHN(H)-

OH and the nitric acid molecule. We compare these results with
those for AN and HAN reported earliét!*Although our focus

is on nitrate salts of amines, we note that the proton-transfer

Hydrogen bonding and proton transfer can play critical roles
in determining the structure and chemistry of molecules and
materials. Perhaps the best known cases are in biochemistry

whfrg hydrggenlb'onds. d%e;errtmn? crltlfal'st.ructtjra(ljfeatures Ofprocess in these ion-pair/neutral-pair complexes is typical of
proteins and nucleic acids.Proton transfer is involved in many 1 /o4 0o in amino acids such as Iy S,

cellular processes such as trans-membrane transport in proton- ) .
b b P In the gas phase, many acid (HA) and base (:B) pairs form

conducting membrane proten$ and proton pumping in neutral-pair hydrogen-bonded complexes{A---B] in which

cytochromec oxidase®” Intermolecular hydrogen bonding in the hvd is attached 1o th id E ‘f | f
molecular solids can also cause the formation of highly ordered € hydrogen 1S attached o the acid. Except for COmpIexes o
very strong bases, for example, (§§N, and acids, such as

crystal structures. This ordering can significantly influence the . ! .
y 9 g y HI, experiments show, for single aecithase gas-phase mol-

physical properties and chemical reactivity of these materials les that th ined f the electrostatic int i
in response to heat and mechanical shock, which has practicalecu ef" atthe (Jarn.ergy ganed from (he electrostalic interactions
of A~ and H-B™" in the proton transfer is not sufficient to

ramifications on energetic materials’ desfgRroton transfer . o .
and the effect of hydrogen bonding are important in ammonium comperlsate for;[—he AH bond dl_ssomatlon. Therefore, the jon-
pair [A~---H—B*] complex will be unstable compared to

salts, the most conspicuous illustration being the conversion of A—HeeeB], | lecul h the b B h t least

ion pairs in the condensed phase to neutral pairs upon sublimaI 1. In molecules where the base : > nas at least one

tion or evaporatiod: ! The decomposition of some hydrogen- hydrogen atom attached to the electronegative central atom, as

bonded energetic materials from the solid phase may be initiated'” t_he case of :NH primary amines :NbR, and seco+nO!ary
amines :NHR, the proton-transfer complex [A--H—B*] is

by @ proton-transfer reactid. Thus, there is considerable actually the saddle-point structure on the potential energy surface
motivation to develop a better understanding of proton transfer . .
b gorp for double proton transfer between the acid and Basé*

and hydrogen bonding. . )

We have been investigating proton transfer in ammonium and ' our earlier work, the barriers to proton transfer from the
substituted ammonium salts by using quantum chemistry Stable neutral-pair forms of AN and HAN to the ion-pair
calculations to determine equilibrium and transition-state ener- Nydrogen-bonded saddle points were calculated to be 8.1 and
gies and geometries in isolated molecules and clusters. RecentlyL3-6 kcal/mol, respectively, at the B3LYP/6-323G(d,p) level

of theory!114 The ion-pair saddle point is a transition state for

we reported studies of ammonium nitrate (AN)ammonium ) . S
dinitramide (ADN)22 and hydroxylammonium nitrate (HANY. thg dpuble proton-transfer reaction betweep ammonia anq nitric
acid in AN and between hydroxylammonia and nitric acid in

We continue this series with computational studies of the effects - N i
of alkyl (methyl and ethyl) substitutions on ammonia and HAN. Factors that stabilize the ionic transition state for a

—eee H—RT i
hydroxylammonia with respect to proton transfer with nitric [A™-+*H—B"] complex lower thg ba}rrler to proton transfer.
Effects of methyl group substitution for hydrogen on proton

T Part of the “Gert D. Billing Memorial Issue”. trr_:msfer_ betwc_een imines, amine oxides, and phosphine_ oxides
* Corresponding author. E-mail: dlt@okstate.edu. with acid halides have been studi€d? and a theoretical
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criterion was developed to determine which of these complexes DSF(AH;B)

will have stable ion-pair forms in the gas phase. An extensive cp cp

series of experimental and theoretical studies also have been = E(AH:+-B) —[Eg"(AH---B) + E,,(AH---B)]

carried out on ammonium and trimethylammonium halides to LR R

determine the percent ionic character of the hydrogen bonding + [Bg(AH=++B) = B(B)] + [Epy(AH-+B) — E(AH)] (1)
between the (CkJsN and HX moleculed? 23 High ionic
character is observed for complexes of the strong acids HBr
and HI. Latajka et a#* have theoretically determined the critical
points of the potential energy surfaces for proton transfer
between (CH)3-HN (n = 0 to 3) and HBr and HI. They
predict a shared proton arrangement in the HBr and methylate

amine complexes, whereas HI forms stable ion-pair complexes. . ! .
relaxed neutral species X in the gas phase. The geometrical

In the present study, the effect of alkyl substitutions on distortions of nitric acid and the basic molecules in the neutral

hydrogen zon?l'(n? mb amine complexes V.V'th ”'tF'C facml IS hydrogen-bonded complexes are small relative to those of the
|nv§stlg§t¢ - Alkyl substitutions on ammonia SPECIES INCIease s q e species, thus the distortion energies in the BSSE will
their basicity and lower the proton-transfer barrier in their salts. not be large

This effect is quantitati_vely stu_died in this work. Th_is i_s an For the formation of ion-pair hydrogen-bonded transition state
extension of our theoretical studies on hydrogen bonding in gas-complexeS

phase AN! and HAN“ to gas-phase methyl, ethyl, and '
dimethylammonium nitrates and methylhydroxylammonium . - +
nitrate.yBecause we are interested in th)(/a gossib)illity of double A-H+:B—A ~H-B 2)
proton transfer t_)etween the acid and base, the stL_ldies are ”miteQ:ounterpoise corrections to the binding energy are more
to doubly substituted amines where at least a single hydrogengnnropriately written with reference to the structures and
remains attached to the basic amine nitrogen. The alkyl groupSenergies of the ionic fragments, rather than the neutral species,

on the nitrogen atoms increase the basicity of the molecules 55 given in eq 1. In this case, the expression for the corrected
and lower the proton-transfer energy barrier between the acid binding energy is

and base.

A summary of theoretical methods is given in section Il. A pEA(A™;HB™)
method for calculating the basis set superposition error (BSSE) ~ _ n CP yn— + CPyn— +
for ionic transition states is also presented in this section. The — E(A"---HB") — [Efg.(A ---HB") + EZ(A ---HB )]
structures and energies of the various molecules are presented - o + - o
in section 1, and an interpretation of these values in terms of +[Bge (A +-HBY) — E(HBT)] + [Eo- (A +-HB')

whereE(AH---B) is the energy of the neutral-pair acibase
complex, Ey" (AH-+B) is the energy of fragment X of the
complex with the counterpoise corrections for the molecular
orbitals of the complementary fragment in the complex,
dEX(AH---B) is the energy of fragment X with geometry identical
to that observed in the complex, ak¢X) is the energy of the

the hydrogen bonding strength in the'iA:--B complexes is E(AT)] (3)

given in section IV. A summary and the conclusions are given

in section V. where E(A~---HB™) is the energy of the ion-pair complex,
EST(A—---HB") is the energy of fragment X of the complex

Il. Theoretical Methods with the counterpoise corrections for the molecular orbitals of

the complementary fragment in the complex, &@A —---HB™)

Calculations were made with the Gaussian 98 suite of is the energy of fragment X with geometry identical to that
programs® The geometric optimization of the structures, observed in the complex. The geometrical distortion energies
energy, and normal-mode frequency calculations was done within the hydrogen-bonded ion-pair complexes are calculated with
density functional theory (DF¥§27 using the B3LYP hybrid reference to the structures of isolated ions, not neutral species.
Hartree-Fock nonlocal approach of Beck&.The diffuse The structural distortions caused by hydrogen bonding in the
6-311++G(d,p) basis set is used throughout to model the long- ion-pair complexes are not considered to be large, relative to
range hydrogen bonding accurately. No geometric constraintsthose of the isolated gas-phase ionic species, and as a result,
were applied during the optimizations. DFT calculations are the distortion energies in the BSSE will not be large.
known to underestimate transition-state barriers for proton It should be noted that when using egs 1 and 3 to determine
transfer in HOTH-:-HOH?293% and HsN*H-:-NHs;3! however, the BSSE we calculated the structural distortions of the
by using single-point energy calculations at the MP2/643%6- fragments in each hydrogen-bonded complex with reference to
(d,pP233 level in DFT optimized structures, more accurate closely related isolated molecules. Thus, the distortion energy
transition-state energies can be obtained. For other hydrogen-of the ion-pair complexes is calculated relative to that of the
bonded complexes containing the ammonium ion, theoretical isolated ions, and the distortion energy of the neutral-pair
studies show that structures determined from optimizing stable complexes is calculated relative to that of the isolated gas-phase
molecules and transition states with DFT calculations correspondneutral molecules. The distortion energies of the ion-pair
closely to MP2 optimized structuré%3! The accurate repre-  complex calculated with reference to those of neutral molecules
sentation of optimized geometries by B3LYP/6-3HtG(d,p) will be very large and do not properly reflect the nature of the
calculations also forms the basis of the G2M metftbd. BSSE correction.

BSSE$27.35.380r the binding energies of the neutral-pair hy- By combining the expression in eq 3 with the ionization
drogen-bonded molecules were estimated using the counterpois&€nergies of HA and :B,
method” along with corrections for the geometric relaxation 3 N
of the fragments in the hydrogen-bonded mole@lEor the A—H(g) +:B(g)—A (9) + H-B"(9) (4)
hydrogen-bonded neutral-pair complex, the binding energy with _ - + .
counterpoise corrections is calculated with reference to separatedAEiO”_ E[A ()] + E[HB (9)] — E[A—H(9)] — E[:B(9)]
starting molecules. The binding ener@y"(AH;B) is given as (5)
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Figure 1. Structures of AN, MeAN, EtAN, and diMeAN optimized
at the B3LYP/6-31%++G(d,p) level. Bond lengths (A) are given for

atoms involved in hydrogen bonding. Alkyl substitution on ammonia

strengthens hydrogen bonding.

corrections with HA and :B as the starting materials:
DSF(AH;B) = DE”(A";HB™) — AE, (6)

on

DSF(AH;B) is the binding energy of the ion-pair complex,
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TABLE 1: Absolute Energies (hartrees) of Various
Molecules and lons with the Corresponding Zero-Point
Energy in Parentheses (kcal/mol) for DFT- and MP2-Level

AN Calculations
molecule E (ZPE} EP
NHs —56.582722 (21.5)  —56.415498
NH4* —56.920362 (31.0) —56.755675
HNO3 —280.978606 (16.5) —280.328150
NO;~ —280.457566 (8.7) —279.800055
CH3NH; —95.893889 (40.0) —95.593873
CHsNH3* —96.249056 (49.7) —95.950957
C,HsNH, —135.221527 (57.9) —134.792518
CHsNH3z™ —135.582038 (67.4) —135.153500
(CHg)2NH —135.209633 (57.7) —134.778725
(CHg)2NHZ" —135.576241 (67.6) —135.147204
H,NOH —131.766887 (25.3) —131.429207
HaN*tOH —132.086514 (34.1) —131.751117
H,NO'H, —132.045514 (32.9) —131.708489
CH;NHOH —171.087280 (42.9) —170.618173
CH3N*tH,OH —171.424368 (52.0) —170.957273
CH3:NHO'H, —171.378373 (49.9) —170.905877
NH3---HONO; —337.584052 (39.8) —336.766327
NHzt++*NO3~ —337.571194 (39.6) —336.748645
CH3NH3-+-HONG; —376.896791 (57.8) —375.947000
CH3NH3"+--NO3~ —376.890237 (58.2) —375.936322
C;HsNH2:-*HONO, —416.224590 (75.6) —415.145745
CoHsNH3z™++*NO3~ —416.218636 (76.0) —415.135483
(CHg3)2:NH---HONO; —416.213136 (75.2) —415.133771
(CHs)2NH,"+--NO3~ —416.210922 (76.1) —415.127823
HAN (NO-bonded) —412.768518 (43.4) —411.780350
HAN (N-bonded) —412.763644 (43.0) —411.775878
HAN (O-bonded) —412.760568 (43.0) —411.773109
HON*H3z+*NO3~ —412.746804 (43.5) —411.756040
HoNOTH+*NO3™ —412.735282 (40.7) —411.744710
MeHAN (NO-bonded)  —452.090469 (60.7) —450.972118
MeHAN (N-bonded) —452.085511 (60.4) —450.967832
MeHAN (O-bonded) —452.081438 (60.3) —450.962694
MeHAN-ts (NO— N) —452.075311 (61.3) —450.954471
MeHAN-ts (O) —452.056903 (58.3) —450.934787

2 Calculations at the B3LYP/6-331-G(d,p) level.” Calculations
at the MP2/6-311+G(d,p)// B3LYP/6-31%+G(d,p) level.

ammonia or substituted amines are hydrogen bonded to nitric
acid. The energies of the DFT-optimized geometry (with zero-

we can derive the value for the binding energy with counterpoise point energies in parentheses) along with the corresponding MP2
energies calculated for the DFT geometries are given in Table

1.

The implication of the values of the bond lengths given in
Figure 1 is that the hydrogen bonds in alkyl-substituted
molecules are stronger than those in AN. The lengths of the

starting from neutral, isolated gas-phase molecules. Note thatH:-*N and H--O hydrogen bonds decrease from 1.663 and 2.707
the BSSE for the ion pair is correctly based on the structures of A, respectively, in AN to 1.547 and 2.590 A in diMeAN. The
the isolated gas-phase ions. This quantity will be used as ahydrogen-bond lengths in the methyl- and ethyl-substituted
measure of the binding strength of the fragments in the transition ammonium nitrates are between these values and differ from
states. Equations 5 and 6 are general and can be used teach other by only~1%.

determine the BSSE for neutral systems that react via ion-pair - The ion-pair transition states, designated as AN-ts, MeAN-
transition states. The basis sets chosen in this work are largets, EtAN-ts, and diMeAN-ts, are composed of hydrogen-bonded
and include diffuse functions, thus we do not expect the BSSE alkylammonium and nitrate ions; these are shown in Figure 2.
to be large. These structures are transition states for double proton transfer
between the (alkyl) ammonia bases and nitric acid, detailed
discussions of which are given inrefs 9, 11, and 14. The energies
The lowest-energy neutral-pair configurations for gas-phase of the separated ions and the gas-phase complexes are given in
AN, methylammonium nitrate (MeAN), ethylammonium nitrate Table 1. In all cases, the hydrogen-bonded ion pairs are higher
(EtAN), and dimethylammonium nitrate (diMeAN) molecules in energy than the neutral-pair structures shown in Figure 1.
were determined by quantum chemical calculations at the Of the four transition-state structures, charges are more localized
B3LYP/6-31H+G(d,p) level. The optimized structures of the in the AN-ts form, and as a result, hydrogen bonding is strongest
molecules are shown in Figure 1 along with selected bond in this structure. This trend for hydrogen-bond strength is
lengths. The most stable structures are those in which theopposite that observed in the neutral species. TheH

I1l. Results
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1.6227 7 9904 TABLE 2: Binding Energies and Electrostatic Interaction

Energies (kcal/mol) for Hydrogen-Bonded Ammonium Salts

AN-tS molecule DECP ab DQCP abe pD,CPad DECP be Eoudf

NHz++*HNO3 14.3 12.4 131 142 -16.1

NH4*++--NO3~ 6.2 4.5 55 31 -—-928

CHsNH,++*HNO3 15.2 13.9 141 157 —-17.3

1 CoHsNHz*+*HNO3 15.3 14.1 14.2 15.7 -16.9

C2H5NH3+ +=*NO3~ 11.6 10.0 10.9 9.3 -63.1

MeAN-ts (CH3)oNH-+-HNO; 156 146 144 169 -196

(CHg)oNH,*t ++*NO3™ 14.2 12.3 13.8 131 -71.4
1.6663 HAN (NO-bonded) 144 127 132 144 -111
J HAN (N-bonded) 114 10.1 10.4 116 -6.7

HAN (O-bonded) 9.4 8.2 8.5 9.9 —-13.1

3.0311 HAN-ts (NO—N) 08 -09 -02 -08 -113.1

1.6958 - HAN-ts (O) -64 -53 -77 -79 -815
MeHAN (NO-bonded) 15.4 141 14.3 16.2 —13.2

EtAN-ts MeHAN (N-bonded) 12.3 11.3 114 135 -9.2

MeHAN (O-bonded) 9.8 8.6 9.0 103 —14.2
MeHAN-ts (NO—N) 5.9 4.0 48 51 -110.6
MeHAN-ts (O) -56 -45 -70 -7.2 -828

aCalculations at the B3LYP/6-33-G(d,p) level.? Counterpoise
corrections are not include@lincludes zero-point energie$includes
counterpoise correction$Calculations at the MP2/6-33+G(d,p)//
B3LYP/6-31H+G(d,p) level.f Calculated from eq 7 using charges
from natural population analysis.

30487 diMeAN-ts

1 EtAN V
= 6 [ diMeAN-ts AON v g 3_
14 - ® 8
% 12 _% MeAN-ts ¥ Mean  diMeAN
Figure 2. Structures of proton-transfer transition states AN-ts, MeAN- ) " g i
ts, EtAN-ts, and diMeAN-ts optimized at the B3LYP/6-32+G(d,p) B v
level. Bond lengths (A) are given for atoms involved in hydrogen 5 85 HANG T
bonding. Alkyl substitution on ammonia stabilizes the cation and H 6 L -
weakens hydrogen bonding. 2 a4t g i
=
s 2F AN-t E
hydrogen bond is shortest in the AN-ts structure, 1.623 A. Itis A oL ’ © RNH,,, + HNO, 4
1.698 A in diMeAN-ts.

The binding energies of the molecules and bonding strength Figure 3. Binding energiesDy" (®) from DFT calculations, and
of the transition states relative to those of ammonia or Dy°7(O), DSF(¥), and DYF(v) from MP2 calculations of AN and
alkylamines and nitric acid are given in Table 2. The energies, alkyl-substituted AN molecules along with the proton-transfer transition
NCP ; ; ; ; states. The structures of the molecules and transition states are given
Db.  Which (.jo not |nclgde zero-point energies and counter- in Figures 1 and 2. Alkyl substitutions on ammonia stabilize both ?he
poise corrections, are given for both the B3LYP/6-311G-

(d.p) (see column 2) and the MP2/6-312G(d.p)//B3LYP/6 neutral-pair and the ion-pair forms of the hydrogen-bonded complexes.
) u - , -

311++G(d,p) (see column 5) levels of calculation in Table 2. jons, and egs 3 and 6 are used to calculate their effective binding
In general, the MP2 binding energies of the molecular com- energies. For the neutral pairs, the BSSE corrections are
plexes are larger than the DFT values by kcal/mol), whereas  generally between 1 and 1.5 kcal/mol, whereas these corrections
the hydrogen-bonded ion-pair transition-state species havesoy jon-pair transition states are1 kcal/mol. The hydrogen
smaller MP2 binding energies compared to the DFT values (by ponds are weaker and the electrons are more localized in the
1 to 2 kcal/mol). Itis generally known that for some hydrogen- jon-pair transition states, and as a result, the BSSE is smaller
bonding systems DFT methods may underestimate transition-f5; the ion pairs. The binding energies for AN and the
state energy barriefd-3339The MP2 energies provide a check alkylammonium nitrate molecules illustrated in Figure 3 show
for consistency of the DFT results. The calculatgd valyes of the effect of the alkyl groups on increasing the binding energy
the energy differences between neutral-pair and ion-pair com-of the neutral molecules and the ionic transition states. The
plexes are 2 to 3 kcal/mol larger for the MP2 level compared giapilizing effect is greater for the transition states, so the energy
to those computed by using DFT (Table 2). difference between the neutral and ionic forms of the alkylated
Binding energies Dy", for the same species, with the molecules decreases relative to that of ammonium nitrate. The
unscaled zero-point energies from normal-mode analyses butlast column in Table 2 lists the electrostatic interaction energies
without the counterpoise corrections for the B3LYP/6-8%#1G- in the complexes, which will be discussed in section IV.
(d,p) level, are given in column 3 of Table 2. The inclusion of  Gas-phase structures and energies of HAN and MeHAN were
zero-point energy decreases the binding energy by 1 to 2 kcal/also calculated. The optimized gas-phase structures of these
mol. molecules obtained by using DFT are hydrogen-bonded neutral-
Binding energies computed by using DFT, with counterpoise pair species; these are shown in Figure 4 with selected bond
corrections,DbCP, for neutral-pair species evaluated according lengths. Three stable hydrogen-bonded structures previously
to eq 1, are given in column 4 of Table 2. The transition-state reported*are also shown in Figure 4; these are labeled HAN
structures are naturally related to the ammonium and nitrate NO, HAN—N, and HAN-O. The HAN-NO structure has the
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~
<t
<

MeHAN—NO

w1.0188
MeHAN-N

: T e
HAN-O MeHAN-O

Figure 4. Optimized structures for three hydrogen-bonded configurations of HAN and MeHAN. Bond lengths (A) are given for atoms involved
in hydrogen bonding. Methyl substitution on hydroxylammonia strengthens the hydrogen bonds in the NO- and N-bonded configurations. In the

O-bonded configuration, the methyl group is not attached to the hydrogen-bonded oxygen atom, thus its effect on the strength of the hydrogen
bonding is diminished.

largest binding energy (as discussed below) with both the The various binding energies of the HAN and MeHAN
nitrogen and the oxygen of the hydroxylamine molecule species are given in Table 2. The observations made in the
participating in hydrogen bonding. The hydroxylamine nitrogen preceding paragraphs for the comparison of the AN and
is the proton acceptor from the nitric acid OH group, and the alkylated AN species hold for these cases as well. The MeHAN
oxygen is the proton donor to another nitric acid O atom. In molecules form stronger hydrogen bonds in the neutral-pair
the HAN—N structure, the hydroxylamine N atom is the proton structures, whereas the HAN forms have shorter bond lengths
acceptor, and the nitric acid OH is the proton donor. The NH and stronger hydrogen bonds in the ion-pair transition states.
H atoms interact electrostatically with a nitric acid O atom and  Similar to the AN and alkylated AN complexes, the binding
are symmetrically oriented with respect to that oxygen atom; energies (Table 2) from MP2 calculations are larger than the
the H-O distances are too large (3.15 A) to be described as DFT results for HAN and MeHAN complexes but smaller for
hydrogen bonds. There are two hydrogen bonds in the HAN the HAN-ts and MeHAN-ts structures; therefore, the energy
structure; they involve the OH on the hydroxylamine and the differences between the equilibrium structures and transition
OH on the nitric acid molecule. The MeHAN complexes have states from the MP2 calculations are kcal/mol greater than
analogous structures; these are also shown in Figure 4. Thethose predicted from the DFT calculations, including the fact
hydrogen bonds in the MeHAN species are stronger than thosethat the zero-point energy decreases the binding energy in all
in the analogous HAN species on the basis of comparisons of cases. Counterpoise corrections also lower the binding energies,
the hydrogen-bond lengths. The DFT (zero-point energies areWith the effect being greater for the neutral-pair transition states
given in parentheses) and MP2 energies with the DFT geometrythan for the ion-pair transition states. The binding energies of
of the separate molecules and the Corresponding energies the HAN and MeHAN molecules and transition states are shown
the hydrogen-bonded complexes are given in Table 1. in Figure 6. The neutral-pair and ion-pair forms are both
HAN and MeHAN each have two ion-pair transition-state stabilized by the methyl substituent; however, the ion-pair is

structures for proton exchange; these are shown in Figure 53tab|I|zed to a greater extent.

along with selected bond lengths. These are labeled as HAN- . .

ts(NO— N), HAN-ts(0), MeHAN-ts(NO— N), and MeHAN- IV. Effect of Alkyl Groups on Binding-Energies

ts(O). Proton transfer through the (N© N) transition state The effects of electron-donating alkyl groups on the binding
converts the HAN or MeHAN complex from the NO-bonded energy and the hydrogen-bond lengths of theHk--B and
form to the N-bonded form. Additional details of this proton- A~---H—B™ complexes were discussed in section IIl. It was
exchange reaction are given in ref 14. On the basis of the shorterobserved that the alkyl-substituted ammonia groups stabilize
hydrogen-bond lengths, the hydrogen bonds in the HAN and the A—H---B complexes relative to what was observed in the
MeHAN ion-pair transition states are stronger than those in the case of the unsubstituted ammonia. This can be seen by
neutral analogues of Figure 4. comparing the values of the binding energies of theHi--B
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HAN-ts (NO — Ni : g

13937
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HAN-ts (O)

MeHAN-ts (NO — N

17354

MeHAN-ts (O) = 13937

1.4372
Figure 5. Structures of proton-transfer transition states HAN-ts
(NO—N), HAN-ts (O), MeHAN-ts NO— N), and MeHAN-ts (O)
optimized at the B3LYP/6-3Ht+G(d,p) level. Bond lengths (A) are
given for atoms involved in hydrogen bonding. Methyl substitution on
hydroxylammonia stabilizes the cation and weakens the hydrogen
bonds.
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Figure 6. Binding energiesDy" (®) from DFT calculations and

D}°7(0), DE(v), and Dy°7(v) from MP2 calculations of HAN and
MHAN configurations along with the proton-transfer transition states.

Alavi and Thompson

TABLE 3: H —O Bond Lengths (A), Unscaled Vibrational
Stretch Fre%\uencies (cm?), and N---H Hydrogen-Bond
Distances (A) of Nitric Acid and the Neutral Gas-Phase
Hydrogen-Bonded Ammonium Salt Molecules Calculated at
the B3LYP/6-311++G(d,p) Level

molecule ron Vo FN--H

HONO, 0.972 3550
NH3:-*HONO, 1.0251 2730 1.663
CH3sNHa+-*HONO; 1.0429 2435 1.600
CoHsNH2:-*HONO, 1.0440 2418 1.598
(CHs).NH++-HONO, 1.0616 2151 1.547
HAN (NO-bonded) 1.0292 2653 1.652
HAN (N-bonded) 1.0168 2864 1.699
HAN (O-bonded) 0.9961 3258 1.697
MeHAN (NO-bonded) 1.0470 2364 1.591
MeHAN (N-bonded) 1.0298 2638 1.644
MeHAN (O-bonded) 0.9974 3232 1.691

frequencies of MeAN and EtAN with AN, MeHAN (NO-
bonded) with HAN (NO-bonded), and MeHAN (N-bonded) with
HAN (N-bonded). The methyl and ethyl substitutents have very
similar effects on the ©H bond length and frequencies. If the
methyl group is located one bond away from the hydrogen-
bonding atom, then its effects on the bond lengths and stretch
frequencies are diminished. Note the almost identical values of
the bond lengths and vibrational frequencies of HAN (O-
bonded) (0.996 A and 3258 crf) and MeHAN (O-bonded)
(0.997 A and 3232 crrf). The alkyl group is too far removed
from the oxygen atom of hydroxylammonium to contribute
charge and thus stabilize the hydrogen bond. The dimethyl-
substituted ammonia in diMeAN produces an even longer OH
bond (1.0616 A) and a frequency-shift difference~&00 cnt?
(actual frequency, 2151 cr¥) compared to AN, for which the
corresponding values are 1.0251 A and 2730 &rRarallel to

the increase of the HO bond length, the H-N bond length
decreases in the alkyl-substituted molecules, indicating a
strengthening of the hydrogen bonds.

The alkyl substituents significantly stabilize the AAH—B*
ion-pair transition-state structures. A single alkyl substitution
at the site of the hydrogen-bonding N atom increases the binding
energy in the range of 5 to 6 kcal/mol. This is seen by comparing
the Dy values given in Table 2 for AN-ts with those of MeAN-
ts and EtAN-ts and also HAN-ts (N©- N) with MeHAN-ts
(NO — N). Once again, because the site of substitution in
MeHAN-ts(O) is removed from the hydrogen bonding, the
binding energies of HAN-ts (O) and MeHAN-ts (O) are similar.
The transition state for the dialkylamine (diMeAN-ts) has a
binding energy that is-8 kcal/mol greater than that for AN-ts.

The structures of the molecules and transition states are given in FiguresAs seen in Figures 2 and 4, the length of the-B hydrogen

4 and 5.

complexes for substituted and unsubstituted ammonia groups
The stronger binding is reflected in the properties of theCH
bond in the nitric acid portion of the complex and in the
hydrogen bond lengths. The nitric acid-® bond lengthyop,

and stretch frequencyg,,, and the N--H bond lengths in the

bond in the transition-state complexes increases with alkyl
substitution. This shows that the hydrogen bonds in the alkyl-
‘substituted transition states are weaker than in the unsubstituted
cases,that is, AN-ts or HAN-ts. The greater stability of the
transition states in the alkyl-substituted cases is thus not related
to the strength of the intermolecular hydrogen bonds.

An approximate measure of the magnitude of Coulombic

A—H---B molecules are given in Table 3. In all cases, hydrogen interactions between the acid and base components in the
bonding weakens the-€H bond as manifested by an increase neytral- and ion-pair complexes can be obtained by calculating
in the O-H bond length and the red shift in the-®i stretch  ne electrostatic interactions between point charges located on

frequency compared to those of gas-phase nitric acid. There isthe nuclei of two different molecules. This electrostatic interac-
a lengthening of the bonds betwee® to ~9% and red shifts g energy,Ecou is given by

from ~300 to ~1400 cnt?! in going from free gas-phase

H—ONO; to the hydrogen-bonded 8O—H---NH3 complex. 0,
When a single alkyl substitution is made on the ammonia, Ecou = Z (7)
increases of about 2% in bond length and 300tim frequency T Ameqr

are observed relative to that of the unsubstituted salt. These
values are obtained by comparing the bond lengths andwherer; is the separation between atoimnandj that are on
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TABLE 4: Proton Affinity as Defined in Equation 8

proton affinity

high-level
molecule B3LYP (ZPB) MP2> experiment theory
NH3 + H*— NH,* 211.8 (202.3) 213.4 2040
CH3NH; + HT — CHsNH3* 222.8(213.2) 224.0 2149
CoHsNH; + H — C;HsNH3™ 226.2 (216.7) 226.5 2180
(CHg)2NH + HT — (CHg)NH2" 230.0 (220.1) 231.2 22Z0
HoNOH + H*— HN*TOH, 200.5 (191.7) 202.0 19317
CHsNHOH + H*— CH3N*TH,OH 211.5 (202.4) 212.7 2051
H.NOH + H*— HsNO*™H 174.8 (167.2) 175.2 1674
CH3;NHOH + H*— CH3;NHOH, 182.6 (175.6) 180.5 1751

2 Calculations at the B3LYP/6-331+G(d,p) level. Zero-point energy corrected values in parenthé&siculations at the MP2/6-33-G(d,p)//
B3LYP/6-31H-+G(d,p) level.c Experimental data from the NIST datab®sé Experimental data from mass spectrometric measurements, Angelelli
et al** ¢From G1 method calculations, Angelelli et“al.

TABLE 5: Reaction Energies (kcal/mol) for Proton Transfer between the Neutral and lonic Forms of Ammonium and
Alkylated Ammonium Salts

molecule AENFab AENCPabe AESPad AEN®Pbe
NHg:+*HNO; — NHg+- ++*NO3™ 8.1 7.9 7.6 11.1
CHaNH2*+*HNO3— CHgNH3*++*NO3~ 4.1 4.4 3.6 6.7
CoHsNHo++*HNO; — CoHsNH5™++*NO3™ 3.7 3.1 3.3 6.4
(CHg)sNH-+*HNO3; — (CHg),NH,* ++*NO3~ 1.4 2.3 0.6 3.7
HAN (NO-bond)— HAN-ts (NO—N) 13.6 13.6 13.4 15.2
MeHAN (NO-bond)— MeHAN-ts (NO—N) 9.5 10.1 9.5 111
HAN (O-bonded)—~ HAN-ts (O) 15.8 13.5 16.2 17.8
MeHAN (O-bonded)—~ MeHAN:-ts (O) 15.4 13.2 16.0 17.5

aCalculations at the B3LYP/6-3#1+G(d,p) level.” Counterpoise corrections are not includethcludes zero-point energie$includes
counterpoise correctionsCalculations at the MP2/6-3¥H-G(d,p)// B3LYP/6-313+G(d,p) level.

different moleculesg, and g; are the partial charges on the zero-point energy corrections included, and the experimental
atoms, andy is the dielectric permittivity constant for vacuum; and high-level theoretical values is excellent.
the summation is over only the intermolecular distances. Using A comparison of the proton affinity of Ngwith that of CHs-
the interatomic separations obtained from the DFT geometry NH; and GHsNH. shows that a single alkyl substitution at the
optimizations and the values of the charges from natural basic nitrogen site increases the proton affinityb¥1 kcal/
population analysis (NPAY we can calculate the electrostatic mol. The proton affinity of the doubly substituted dimethylamine
interaction energy for the neutral- and ion-pair species. Theseis ~18 kcal/mol higher than that of ammonia, whereas the proton
values are given in the last column of Table 2. Because NPA affinity of trimethylamine ((CH)sNH) is 226.8 kcal/mof?!
charges give only approximate measures of the continuouswhich is~23 kcal/mol higher than that of ammonia. The proton
electrostatic charge distribution in the molecules, the absolute affinity gives a measure of the basicity of the molecule. These
values calculated with eq 7 are not directly comparable to the values are in good accord with the well-known rule from organic
binding energies of the fragments determined from ab initio chemistry that the electron-donating inductive effect of alkyl
calculations. However, the values of the electrostatic energy in groups stabilizes the positive charge on the atom to which they
Table 2 are expected to be qualitatively accurate, and thus it isare bound and thus increases the basicity of the substance. The
informative to examine the trends in them. larger proton affinity of the substituted bases stabilizes the
Alkyl substitutions generally increase the electrostatic interac- positive charge of the A--H—B* complexes with substituted

tions in the neutral-pair hydrogen-bonded complexes. (Seeammonium groups compared to those with unsubstituted am-
column 6 of Table 2.) For examplEgqy increases from-16.1 monium.

kcal/mol in AN to —17.3 and—19.6 kcal/mol in MeAN and We now consider the effects on proton transfer of OH
diMeAN, respectively. However, because of the dispersion of gypstitution on nitrogen by comparing Niith NH,OH and
the electrostatic charge in the alkylated molecules, the magnitudecH;NH, with CHsNHOH. The computed values of the PA for
of the electrostatic interaction decreases in the ion-pair transition NH,; and NHOH are 211.8 and 200.5 kcal/mol, respectively,
states of the alkylated species compared to those of theand the values for C#H, and CHNHOH are 222.8 and 211.5
nonalkylated species. For exampig,u decreases from92.8  cal/mol. These values show that an OH substitution at the
kcal/mol in AN-ts to—92.1 and—71.4 kcal/mol in MeAN-ts nitrogen site decreases the proton affinity of the nitrogen atom
and diMeAN-ts, respectively. N by ~10 kcal/mol. The smaller proton affinities of the hydroxyl-
The main contributing factor to the stability of the alkyl-  sybstituted amines are one of the factors contributing to the low
substituted ion-pair transition states is the proton affinity, PA, stapility of their transition states.
of the base species. For a base :B, the proton affinity is defined 1o effects of the alkyl substitutions on the reaction energy

as of A—H---:B — A*+---H—B~ are illustrated by the results given
in Table 5. Alkyl substitutions significantly diminish the energy
barrier of this reaction. For example, compare the reaction
energy of

B+ H" —H-B" PA= —AE (8)

The values of PA are given in Table 4. Experimetit&t and
high-level theoretical valué3are given in the last column of n _
Table 4. The agreement between the DFT proton affinities, with H;3N---HONO, — NH, "++*NO; 9)
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J J I ' ' 311++G(d,p) level of theory. Zero-point energy and counter-

neutral-pair and ion-pair complexes.

-Alkyl substitutions stabilize the ion-pair complexes to a
greater extent than the neutral pairs.

The activation barrier for proton transfer from the neutral
5 pair to form the ion pair is decreased as a result of alkyl
substitutions.

-The effect of the alkyl substituents may be analyzed in terms
of electrostatic interactions, hydrogen-bond strengths, and proton

8+ . poise corrections have been applied to these values. Single-
point energy determinations at the MP2/6-3HG(d,p)//
g al | B3LYP/6-31H+G(d,p) level verify the qualitative aspects of
£ our DFT calculations. The main conclusions of this work are
8 the following:
i:: 4+ . -Alkyl substitutions increase the binding strengths of both
=11}

(]
T

Reaction Coordinate

Figure 7. Energy barrier to proton exchange as a function of the affinities. The stability of the alkyl-substituted complexes is
reaction coordinate for AN &) and MeAN (O) from B3LYP/6- ) y y P

311++G(d,p) calculations. The transition-state barrier is reduced by mainly due to the Inc'reflnlsed prpton affinity of the subst!tuted
~4 kcal/mol with a methyl substitution. The width of the transition- base. The electrostatic interactions and hydrogen bonding are
state barriers is seen to increase with the mass of the substituted alkylactually weakened by the presence of an alkyl group on the
groups. This is an indication of the effect of heavy-atom motion on nitrogen.

the proton-transfer process.
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