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Implications of this mechanism for ion-pair chromatography will 
be reported elsewhere.9 The relaxation time expression for this 
mechanism is10 

Tau"1 = &2([A-C+] + [S]-R) + JL2 (3) 

with R as a constant term given by ki[C+]/{k{[C+] + fc-0-
A value for k2 was obtained, from the slope of a linear Tau"1 

vs. [A-C+] plot under conditions of constant [S], of 1.4 X 109 

dm3/(mol s).7 This is a reasonable order-of-magnitude figure for 
the (presumably diffusion controlled) sorption step. The single-
exponential behavior of the relaxation curve for ODS-I indicates 
that this material is adequately modeled as a surface with a single 
type of interaction site. 

In contrast, the response for ODS-II is best represented by a 
continuous distribution of reaction sites. A distribution of 
first-order rate constants yields an experimental decay curve that 
is the Laplace transform of the distribution.11 Thus, Laplace 
inversion of the decay curve yields the original reaction rate 
distribution, which in our systems is directly related to the dis­
persion in the energetics of interaction. The relaxation curve for 
the ODS-II system is well fit by the function 

f(r) = exp(-rt'/2) (4) 

with c = (6/C0)
1/2, where k0 is

 t n e median rate constant. The 
inverse Laplace transform of this function yields the following: 

F(Jt1O) = c(4xJt3)->/2 exp(-c74/t) (5) 

The function F(/t,0) reaches a maximum at k = k0 = <?/6.n The 
parameter Jt0 is in this case the relaxation time mode for the 
system. A linear plot of k0 vs. the concentration term in eq 3 will 
thus yield a mode sorption rate constant. From concentration-
dependent measurements of the decay parameter c, such a linear 
plot yielded a mode sorption rate constant of 2.2 ± 0.7 XlO6 

dm3/(mol s). (Correlation coefficient = 0.941). This sorption 
rate constant is dramatically lower than that for ODS-I. Reasons 
for this reduction are currently under investigation. The value 
of the equilibrium constant K2 is 0.88, obtained from Langmuir 
isotherm measurements using the frontal elution method.12 By 
use of the value of k2 determined above to calculate a mode c value, 
eq 5 is plotted in Figure 1. From the figure, a value for the 
dispersion (taken as the width at 10% of peak height) of 2.6 X 
107 is obtained. Assuming that the dispersion in K2 is due to 
dispersion in /L2 (the desorption rate constant: i.e., a fixed sorption 
rate constant for all sites) and from the relationships K2 = k2/k_2 
and AG = -RTIn K2, the corresponding dispersion in interaction 
free energy is 6.23 kJ/mol, relative to a median AG of 0.32 
kJ/mol. 

In summary, the relaxation curves from systems involving 
heterogeneous surfaces can be modeled as the Laplace transform 
of the reaction site distribution. Thus, the actual site distribution 
may be recovered by taking the inverse Laplace transform of the 
relaxation curves. This represents a direct measure of the degree 
of heterogeneity of the chemically modified surface, in units of 
free energy of solute-surface interaction. This dispersion in free 
energy is the parameter that is most intimately connected with 
the efficiency of these materials as liquid chromatographic sta­
tionary phases. The method should also be useful in other surface 
adsorptive systems where the surface heterogeneity is important. 

Acknowledgment. Grateful acknowledgment is made to the 
donors of the Petroleum Research Fund, administered by the 
American Chemical Society, and to NSF (Grant CHE 83-06881) 
for financial support of this research. 

(10) Bernasconi, C. F. "Relaxation Kinetics"; Academic Press: New York, 
1976. 

(11) Doba, T.; Ingold, K. U.; Siebrand, W. Chem. Phys. Lett. 1984, 103, 
339. 

(12) Jacobson, J.; Frenz, J.; HorvSth, Cs. J. Chromatogr. 1984, 316, 53. 

Rotation, Solvation, and Hydrogen Bonding of Aqueous 
Ammonium Ion 

Charles L. Perrin* and Robert K. Gipe 
Department of Chemistry, D-006, University of 

California, San Diego, La Jolla, California 92093 
Received June 13, 1985 

In connection with mechanistic studies on proton exchange in 
amides, it was concluded1 that the -NH3

+ group of solvated 
RCONH3

+ rotates with a rate constant of 1011 or 1012 s_1. This 
conclusion was derived rather indirectly, and it contrasts with 
rotation of the -NH3

+ group of ArNH3
+, which can be consid­

erably slower.2'3 We therefore have sought to test this conclusion, 
but in the simplest analogue, aqueous NH4

+. This is certainly 
a fundamental system, whose rate of rotation is of considerable 
inherent interest. This rate is customarily expressed in terms of 
a rotational correlation time, rc, which is the time required for 
rotational diffusion through an angle of 33°." For NH4

+, TC can 
be determined experimentally from the 15N spin-latice relaxation 
time, T1, since motion of the attached protons can be the dominant 
mechanism for that relaxation. (It is essential to use 15N, since 
quadrupolar relaxation is the dominant mechanism for 14N re­
laxation in 14NH4

+, despite the high symmetry.)5 There have 
been suggestions that T1 of 15NH4

+ is quite long6 and that the 
rotation is quite fast,7 but no definitive studies have been reported. 
(Rotation of NH4

+ in crystals has been studied extensively.)8 We 
now report that the rotational correlation time of aqueous NH4

+ 

is indeed ca. 10~12 s. 
Samples were prepared by dissolving 15NH4NO3 (Prochem 95 

or 99% 15NH4
+) or 15ND4NO3 (prepared by twice exchanging 

with a 60-fold molar excess of D2O and evaporating the solvent) 
to 1.4 M in 1 M aqueous HCl or DC1/D20, respectively, and 
deoxygenating with Ar or N2. Samples were contained in 12-mm 
NMR tubes with an internal 5-mm capillary containing D2O when 
necessary for lock. 

15N NMR spectra were run at 20.37 MHz on a Nicolet NT200 
wide-bore spectrometer interfaced to a NICl 180E Data Processor. 
Spin-lattice relaxation times were measured with a saturation-
recovery pulse sequence,9 including homospoil and with narrow­
band (low-power) 1H or 2D irradiation, the latter through the lock 
unit, except at 80 0C, where rapid proton exchange necessitated 
broad-band irradiation. The data were well fit to a single ex­
ponential by a linear least-squares formula or by Nicolet's non­
linear least-squares routine. For nuclear Overhauser enhancement 
(NOE) measurements, intensities under continuous 1H or 2D 
irradiation were determined and compared with intensities under 
decoupling gated on during acquisition to produce singlets. 
Temperature was monitored both with a thermistor and from the 
chemical shifts of an ethylene glycol10 sample subjected to the 
same irradiation conditions. 

Table I lists observed spin-lattice relaxation times, Tx, and 
NOEs, 7). Also listed are the dipole-dipole contributions to T1, 
calculated according to eq 1, where Jj11111x = -4.93 for 1H irradiation 

T\ ,dd = ('/max A)^l1ObSd (1) 

and -0.76 for 2D irradiation. This correction was reasonably small, 
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Table I. Spin-Lattice Relaxation Times, Nuclear Overhauser 
Enhancements, and Rotational Correlation Times for Aqueous 
Ammonium-Ni5 Ion 

T, 0C 
3.3 
21 
21" 
36 
48 
80 
21 

^l.otad. s 

35.2 
44 
46.4 
59.5 
78.5 
86.2 

409* 

V 

-4.80 
-4.67 
-4.78 
-4.26 
-4.66 
-4.16 
-0.57 

T\,M> s 

36.2 
46.5 
47.9 
69 
83 
102 
544 

TC, ps 

1.41 
1.10 
1.07 
0.74 
0.62 
0.50 
1.50 

"For 0.7 M NH4NO3 in 0.5 M HCl. 'For ND4
+ in DC1/D20. 

in contrast to previous studies at higher temperature, where 
spin-rotation relaxation is dominant.6,11 The correction is slightly 
larger for ND4

+, owing to diffusional effects and chemical ex­
change with incompletely deuterated solvent. The rotational 
correlation time for the ammonium ion was then calculated ac­
cording to eq 2, with <rNH"V /3 = 1.03 A13 = (r^'3)'*'*, and 

1 / / 3 / ( / + DTN2TH or D2ft2 

^T~ = 4 » T° (2) 
1 Md 7NHOrND 

the values are listed in Table I. Since TC is independent of con­
centration, we may conclude that ion pairing does not contribute 
to the observed values, which are characteristic of solvated NH4

+. 
The correlation times in Table I are indeed ca. 10~12 s, which 

is shorter than the 9 X 10-12 s for H2O in liquid water14 and 
remarkably close to the 0.2 X 10""12 s for CH4 in liquid methane.15 

So rapid a rotation is perhaps surprising, inasmuch as the protons 
of NH4

+ are hydrogen-bonded to solvating water molecules, and 
rotation requires breaking and remaking those hydrogen bonds. 
There are reasons to suppose that those hydrogen bonds are both 
strong and directional: In the gas phase, the enthalpy of hydration 
of NH4

+ is 10.6-20.6 kcal/mol per water molecule,16* and hy­
drogen bonding is estimated16b to contribute up to 20 kcal/mol 
to the binding of crown ethers to ammonium ions. Also, it has 
long been known17 that NH4

+ fits into the H2O lattice, and NH4Br 
in 18-crown-6 shows protons in directional hydrogen bonds.18 

Moreover, according to MO calculations on NH4
+-OH2,

19 5.5 
kcal/mol is required to create even one bifurcated hydrogen bond, 
where the H2O is located midway between two NH protons. 
Finally, according to a simple electrostatic model,20 with 11%21 

of a positive charge on each H interacting with water dipoles in 
a medium of dielectric constant 1, the barrier to rotation of NH4

+ 

is >6 kcal/mol. Yet any such barrier would reduce the rate of 
rotation to a value well below what we observe. 

Nor can the protons be tunneling22 through such a barrier, since 
the TC for 15ND4

+, given in Table I, shows that rotation of this 
ion is retarded only by a factor of ~2i/2. This is the classical 
value for IcnZk1, due to the increased moment of inertia. (For 
comparison with a process known to involve tunneling, the inversion 
rate of ND3 is only 1/14 that of NH3.

23) 
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Therefore we conclude that there is no substantial barrier to 
rotation of aqueous NH4

+. By comparing the observed TC with 
the value expected for a free rotor of this moment of inertia, we 
estimate that this barrier is only 1.6 kcal/mol. On the other hand, 
from the temperature dependence of the correlation times in Table 
I, an apparent activation EA of 2.76 ± 0.32 kcal/mol and a logi0 
A of 14.04 ± 0.23 can be calculated. We cannot exclude the 
possiblity that the discrepancy between these two estimates of the 
barrier is due to a slight increase of the apparent £A, owing to 
the temperature dependence of density.24 However, the exper­
imentally determined TC is characteristic of the average environ­
ment of the NH4

+ ion, averaged over a long time (T1 ~ 102 s). 
If any appreciable fraction (>10%) of the ions are in "disordered" 
environments—temporarily desolvated or with bifurcated hydrogen 
bonds—that favor rotation, these can dominate the average. Then 
the observed EA would represent the temperature dependence of 
this fraction. Moreover, since the observed log A is too large for 
a free rotor of this moment of inertia (log10^ = 13.1), we conclude 
that 1.6 kcal/mol is a better estimate of the barrier to rotation. 

So low a barrier might have been anticipated: Bifurcated 
hydrogen bonds are quite common in crystals.25 Also, the enthalpy 
of hydration of NH4

+, corrected for hydrophobic effects, lies on 
the plot vs. 1 /r for hydration of alkali-metal ions.26 We conclude 
that solvation of aqueous ammonium ion may involve hydrogen 
bonds, but these are not strong and directional. 
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Molecular recognition of polymers prepared by imprinting with 
templates has been intensively studied in recent years.2'3 In this 
way progress has been made in building specific binding sites into 
polymers as models of biological receptors and enzymes. Im­
printing during the preparation of cross-linked polymers in most 
cases has been used for the preparation of chiral cavities containing 
functional groups. The selectivity observed in racemic resolution 
then is a result of the combination of the exact cavity-shape fitting 
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