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Abstract

The association of the ammonium ion with severab-alkanediols has been studied by high pressure mass spectrometry.
Standard enthalpy (kJ mot) and entropy (J K* mol~%, in parentheses) values determined for the reaction-giblH; =
diol - NH; are 1,2-ethanediol, 12% 4 (125 2); 1,3-propanediol, 13% 5 (151 =+ 3); 1,4-butanediol, 13& 4 (142 = 2);
2,3-butanediol, 146- 6 (161 * 3), and 2-butene-1,4-diol, 135 6 (148 = 4). Comparison with the thermodynamic values
for the association of Nji with monohydric alcohols shows that the association of;Nkith diols leads to the formation of
cyclic structures with two intermolecular hydrogen bonds and that, unlike protonation, there is little effect of carbon number
on the values oAH® and AS’ for the association. (Int J Mass Spectrom 179/180 (1998) 1-6) © 1998 Elsevier Science B.V.
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1. Introduction A-H" - - Bis collinear. This has been confirmed by
theoretical calculation [2,3]. An estimate of this max-

Hydrogen bonding, both inter- and intramolecular, imum value is obtained by reference to a proton
is important in determining secondary structures in bound dimer withA and B on different molecules.
complex organic systems, and the strongest individual The hydrogen bond strengths in symmetriB—(
hydrogen bonds arise when protonated groups interactH™ - - - B) and asymmetric B—H" - - - A) proton-
with other basic groups. Much of the information bound dimers between molecules containing the basic
pertinent to discussions of the strengths of such ionic groups A and B have been determined for many
hydrogen bonds has arisen from studies using high systems by measuring the equilibrium constants for
pressure mass spectrometry (HPMS), because thishydrogen bond formatioBH™ + B = BHB™. For
technique enables the estimation of both the enthalpy example, it is found that symmetric proton-bound
and entropy of bond formation [1]. The maximum dimers of oxygen bases (alcohols, ketones, etc.) have
hydrogen bond strength possible between two basic constant hydrogen bond strengths of 1268 kJ
groups A and B is taken to be that in which mol ! [4], whereas those of nitrogen bases (amines

and pyridines) have hydrogen bond strengths 0f96

- 6 kcal mol * [5]. Linear correlations have been found

* Corresponding author. . . _ between hydrogen bond strengths and the differences

Dedicated to Professor Fulvio Cacace in recognition of his . . .
outstanding contributions for many decades to gas-phase ion in proton affinities between the two molecules in
chemistry and physics. asymmetric proton-bound dimers [6].
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Intramolecular hydrogen bond formation leads to involve the formation of cyclic structures with two
the formation of cyclic structures. The strength of intermolecular hydrogen bonds.
such a bond in a molecule containing basic grofAps Because there is little information on the associa-
andB is usually estimated as the difference between tion of the ammonium ion with polydentate ligands,
the measured proton affinity of the molecule and the we have employed HPMS to study the association of
proton affinity of a molecule containing the more this ion with some diols. The complexation was
basic group as its sole protonation site. Estimations expected to involve the formation of two hydrogen
have been made of the strengths of intramolecular bonds from NH to the oxygens of the diols, as in the
hydrogen bonds in, amongst others, protonateot case of the previously studied GBCH,CH,OCH;,
dialkylamines [5a,7]q,w-alkanediols [8], and poly- [11]. The resulting cyclic structures would have a
ethers [9]. Meot-Ner [10] has reviewed the experi- Minimum of seven atoms (1,2-ethanediol) and a
mental investigations of ionic hydrogen bonds and Maximum of nine (1,4-butanediol) and should be
Deakyne [3] has reviewed the pertinent theoretical €SSentially free of geometric constraints.
calculations.

Although intramolecular hydrogen bonding in pro-
tonated polyfunctional molecules has received some
study, far less has been devoted to the study of
hydrogen bonds in the association of polyfunctional
ions with polyfunctional molecules. Such associations
have the possibility of resulting in, if stereochemically
feasible, the formation of structures with multiple
intramolecular hydrogen bonds and hence cyclic or
polycyclic structures. Meot-Ner and co-workers [11]
used HPMS to obtain the enthalpies and entropies of
binding of the hydronium ion to polyethers. The
binding energies increase with the increase in flexi-
bility of the polyether and one or more intermolecular
hydrogen bonds may be formed depending on this
flexibility. The association of the hydronium ion with
a crown ether can possibly result in all three hydro-

2. Experimental

Thermochemical measurements were made using
the high pressure mass spectrometer with pulsed
electron beam, described in detail previously [14].
Gaseous samples were prepamed i5 L heated glass
reservoir and were flowed into the ion source via a
heated glass line at a rate controlled by a heated
regulating valve A 2 keV electron beam was pulsed
on and off with a frequency o100 Hz and with an
“on” pulse width of 50us. lons emerging from the
source were collected as functions of time after the
ionizing pulse, using ion counting equipment.

The gas samples in the reservoir were of the
approximate composition CHNHj/diol (98/2/0.1—
0.02). Diol was introduced to the flask through a

gens of the cation participating in bond formation septum with a microlitre syringe that was weighed
[12]. The ammonium ion, in which the positive charge pefore and after sample introduction.

is delocalized over the hydrogen ions [13], has the  \jethane (Matheson Purity, 99.99% minimum),

hydrogen bonds, but the required tetrahedral geome-and diols (Aldrich) were all used as received.
try about the nitrogen atom would require extreme

flexibility on the part of a single molecule with four or

more basic sites, combined with a lack of steric 3. Results and discussion

hindrance, for this to be possible in the formation of a

such a complex with NE.. The enthalpy of binding The experiments in this study were run under very
NH, to CH;OCH,CH,OCH, was found to be-160 similar experimental conditions in terms of tempera-
kJ mol %, which is considerably smaller than that for ture and diol concentrations to those of an earlier
the association of 0" with the same molecule, measurement of the proton affinities of the same diols.
—245 kJ mol * [11]. Both associations are thoughtto Some decomposition of the protonated diols was
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encountered in that study but the extent was not 1.0
sufficient to require corrections to be applied to the
calculated thermodynamic data. There was also no
evidence that any significant thermal decomposition
of the neutral diols was occurring. The activation
energies for the decomposition via loss of water of
protonatedy,w-alkanediols have recently been calcu-
lated to be 24 kcal mol* for ethane diol and greater
than 99 kJ mol* for the higher ones [15]. In the
present study we have not found evidence for the \
thermal decomposition of the ammonium adducts, "J\ NH,"
other than.rev_ersmn to reactfamts. . 02 - EWWM ﬁf;" 55
The major ions observed in GHNH; mixtures at (NHy),H " %%A
the temperatures and pressures used in this study were gﬂmmw&ﬂwm
NH; and (NH,),H". These ions were at all times in 0.0 . 1 :
equilibrium according to Eq. (1) for which the en- Time (me)
thalpy change is~—105 kJ mol ! [16].

Q
‘

Relative intensity

Fig. 1. The normalized ion intensities after a &6 ionizing pulse
+ +
NH; + NH; =2 (NHj3),H (1) for a mixture of composition (mol %); methane 98.6; ammonia 1.3;

ethanediol 0.1. Temperature 500 K, total ion source pressure 3.0
When a diol,D, was present in the sample no 1,

protonated diol was observed but a prominent peak at
mass-to-charge ratio correspondingDo NH, was
present. This is ascribed to the association reaction of termined proton affinities of 1,3-propanediol and 1,4-

Eq. (2). butanediol are both greater than that of ammonia
(Table 1). Because in any experiment the concentra-
D+ NH; 2 D-NH} (2) tion of NH; is far greater than that of the diol, the

initial formation of NH; by proton transfer from CH
and GHZ must be followed by association rather than
by proton transfer. This is seen in Fig. 1 where the
initial NH, intensity is far greater than that of the
NH; ethanediol adduct but equilibrium, shown by the

The reactions described by Eqgs. (1) and (2) are
simultaneously in equilibrium as shown by the paral-
lel curves for all three ions in Fig. 1, which was
obtained withD = ethanediol. The data shown in Fig.

1, or indeed any of the data presented in this paper, do
not preclude the occurrence of the possible displace-
ment reaction of Eq. (3). Such a reaction, however, Table 1 o

will not affect the thermodynamic data derived in the :;?;%i:ﬂ rﬁ'}ghnamhagiznrg)‘?pg TT\Ian;S_ffrDthT\la}soc'a“on of the
study because the NHandD - NH; concentrations

. S . - —AHO —AS PA(D)

must satisfy all eqwllbrla in which they pa.rt|C|pa.te. b KImol (3K mol ?  (kj mol Y
There was no evidence for further solvation; diol- ool

L . + . + . 1,2-Ethanedio 121+ 4 125+ 2 817
containing ions such &3, - NH, andD - NH; - NH3 13-Propanediol 139 5 151+ 3 877
were absent from the spectra. 1,4-Butanediol 138 4 142+ 2 917

2-Butene-1,4-diol 135 6 148+ 4

D + (NHy),H" 2 D-NH; + NH,4 (3) 2,3-Butanediol 146 6 161+ 3

Noticeably absent in all spectra were protonated 2Confidence limits of two standard deviations obtained from
linear regression.

. 4 . .
diols, DH™. N_O such ion was observed 'n_ any of the P From Chen and Stone [8] with values adjusted to the new
systems studied, even though the experimentally de- evaluated PA scale of Bouchoux et al. [15].
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constant ratio of normalized intensities, is rapidly 18 — 22
achieved. 1] 2
The equilibrium constant¥, for the association . 12: 9 }g:
reaction, Eqg. (2), are obtained from the constant ratios = 13 - £ 17
of the ion currents of Ni andD - NH; at all but the 2 ] @ i ®)
shortest reaction times and the known diol pressures 13 ] 1‘3‘ 7
) ) T T T T T T T T T
In the ion source [Eq. (4)]. The standard pressBfe, 17181920212223 19 20 21 22 2.3 24
is 760 Torr: 1T (K'x 10%) IT (K™ x 10°)
i (]
_ I|i3.NH4 ; (4) fg gf . -
NH; D 18 20
17 19
The Van't Hoff plots of Fig. 2 show the variation % 16 - - 1
of K with reciprocal temperature for each of the diols }i i © 12 : @ !
studied. The slope and intercept of each line yield, 134 o 14
. ] .
respectively, the enthalpy and entropy values for the 2 Ba— T
.. . . 1.7 18 19 20 2.1 22 1.8192021222324
association reactions. The results are shown in Table P )
1T (K" x 10°) 1T (K x 10°)

1. These data show that there is only a small influence
of diol size on the enthalpy of binding between an 2

a,w-alkanediol and NEi. 1,2-Ethanediol has the low- 20

est value, and the values for 1,4-butanediol and 18
1,3-propanediol are identical within experimental er- ¥ 16

ror. The presence of a double bond in 2-butene-1,4- 14 1 @
diol does not significantly change the binding en- 12 |

thalpy from that of 1,4-butanediol. The value for 10 A7

1.71.81.92.02.12.22.32.4

2,3-butanediol is somewhat higher but it can be Lo
1T (K" x 10°)

considered to be still within experimental uncertainty,

approximately the same as those of the other C3 and iy 5 van't Hoff plots for the reactio® + NH; = D - NH; .

C4 diols. All the values are in a range spanning only D = (a) 1,2-ethanediol, (b) 1,3-propanediol, (c) 1,4-butanediol, (d)

25 kJ morl, whereas the proton affinity values for 2_,3-butanedio|, (e) 2-_butene-1,4-dioI.The different symbols _signify
_ different pressures in the range 2.5-4.5 Torr and/or different

the same molecules cover a range of 100 kJ thol samples.

(Table 1). There is no correlation between proton

affinity and NH; affinity for these molecules.

The values of the enthalpies of association between between A(PA), the difference in proton affinity
diol and NH, imply that more than the formation of ~ between pairs of proton-bound oxygen- and nitrogen-
a single O - - "H-N hydrogen bond has occurred. containing bases, and the-©- *H-N hydrogen bond
There are no available values for the enthalpies of strengths, AHS [6]. The equation is (units kcal
association of NE with alcohols; however, if a  mol ™), AH3 = a — b X A(PA) wherea = 30.0 +
single hydrogen bond had been formed between onel.5 andb = 0.26 = 0.03. Using this equation, the
oxygen of a diol and NEl, then an association hydrogen bond energies ingN—H* - - - O(H)CH,
enthalpy in the range 10% 5 kJ mol * would be HsN-H" - - - O(H)C,Hs, and HN-H" - - - O(H)C3H,
expected. The rationale for this statement is the are 100, 105, and 108 8 kJ mol %, respectively. By
following. An estimate of the hydrogen bond strength analogy, if NH; associated with a diol through only a
between an alcohol and NHmay be made because single hydrogen bond, the bond energy would have a
Meot-Ner has shown that there is a linear correlation value no greater than that in the complexN+
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H* .- -O(H)CsH,, because proton affinity changes
insignificantly with carbon chain length after three
carbon atoms [17]. This value of 108 kJ mblis

factor that may make a small contribution to the
difference between diol and diether is the hydrogen
bond in the neutral diol. All the diols are expected to

smaller than any of the measured enthalpies of asso-have internal hydrogen bonds with energies of

ciation of NH, with a diol. The diol and NH are
interacting through more than one hydrogen bond.
Bouchoux and co-workers [18] have used ab initio
computation at the MP2/6-31G*//3-21G level in a
study of the association of NHwith 1,2-ethanediol.
They find that two symmetric hydrogen bonds are
formed with O---HN distances of 1.64 A and
O - - -H-N angles of 153.4°. Although the optimized
OCCO dihedral angle of the diol is 69.2°, the enthalpy
of association is roughly constant at132 + 5 kJ
mol~! in the range of 0—120°. For dihedral angles

~12-15 kJ mol* [20], which are lost when associ-
ation with NH; occurs. However, the present exper-
iments were carried out at relatively high tempera-
tures so that sufficient thermal energy would be
available to ensure that the fraction of diol molecules
in the hydrogen bonded state was small.

The entropy decreases in the formation of the
diol/NH; complexes are relatively small, 1,2-
ethanediol having the smallest value and the others
showing only slightly larger decreases. The values are
in fact very close to those for the changes in the

greater than 150° the system has only one hydrogenreadily calculated translational entropies of 1421
bond and at 180° the single hydrogen bond energy is kJ mol *. The decreases in entropy due to losses in

95 kJ mol %, slightly lower than the above inferred
value of 108 kJ moll. The computed association

rotational and torsional degrees of freedom in forming
the complexes must be almost balanced by the new

enthalpy is in good agreement with the experimental low frequency stretching and bending vibrations in

value of —121 = 4 kJ mol * in Table 1.
The enthalpy of association of NHwith 1,2-

the complexes. A similar conclusion was reached in a
study of the association of chloride with the same

dimethoxyethane has been measured by Meot-Ner aklkanediols when the decreases in entropy were 122

and co-workers [11] as 161 16 kJ mol %, a value

J K~ mol™* for 1,2-ethanediol and 142 J ¥ mol™*

significantly larger than our measured value of 121 kJ for 1,3-propanediol [21]. It is to be noted that the
mol ™! for 1,2-ethanediol. The authors suggested that value of 152+ 30 J K'* mol™?! found for the
this value for the diether might be between 8 and 18 association of NE with 1,2-dimethoxyethane [11]
kJ mol * too high because the difference between the and the values of 126 J ¥ mol~* and 134 J K*

value and that from ab initio calculation was ano-

mol~* [19] for the association of N with, respec-

molous in comparison with such differences for other tively, 1,2-dimethoxyethane and 1,3-dimethoxypro-
NH; and K" complexes. Such a correction could pane, are also consistent with the data for the diols.
explain part of the difference between the value for

1,2-dimethoxyethane and that for 1,2-ethanediol but

the difference can also be ascribed in part to the 4. Conclusions

higher proton affinity of an ether oxygen than a

hydroxyl oxygen because of the polarization stabili- Diols form stable complexes with NHin which
zation provided by the methyl groups. The empirical two hydrogen bonds are formed (i.e., both diol and
correlations of Mautner [6] would suggest that such ion are bidentate). The enthalpy of association is least
differences should be 5-10 kJ moal for each negative for the smallest diol, 1,2-ethanediol, and the
NH - - - O interaction, based on the assumption that C3 and C4 «,w-diols have identical values. The
the positive charge is shared equally between the two overall range of association enthalpies is small show-
hydrogen bonding protons. This is in accord with the ing that, unlike protonation, the association of diols
value of 29 kJ mol* estimated for the total hydrogen  with the bidentate NH, although also forming cyclic
bond energy in the complex formed between 1,2- complexes, occurs with essentially no stereochemical
dimethoxyethane and c48,;NH; [19]. Another constraints. This presumably reflects the larger rings
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that are formed. The entropy changes for the associ- [7] () D.H. Aue, H.M. Webb, M.T. Bowers, J. Am. Chem. Soc.
ation reactions are equivalent to those for loss of 95 (1973) 2699; (b) M. Meot-Ner, R. Hamlet, E.P. Hunter,

lati | . Th ibuti f th F.H. Field, J. Am. Chem. Soc. 102 (1980) 6393.
translational motion. e contributions of the new [8] Q.-F. Chen, J.A. Stone, J. Phys. Chem. 99 (1995) 1442.

low frequency vibrations introduced upon complex- [9] (a) M. Meot-Ner, J. Am. Chem. Soc. 105 (1983) 4906; (b)
ation therefore balance those due to losses of rota- R.B. Sharma, P. Kebarle, J. Am. Chem. Soc. 106 (1984) 510.
tional motions in the reactants. [10] M. Meot-Ner, J.F. L|epman, A Greehberg (Eds.), Molecular
Structure and Energetics, VCH Publishers, New York, 1987.
[11] M. Meot-Ner, L.W. Sieck, J.F. Liebman, S. Scheiner, J. Phys.
Chem. 100 (1996) 6445,
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