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Abstract
Molecular dynamics simulations were carried out on a system of eight independent caffeine
molecules in a periodic box of water at 300 K, representing a solution near the solubility limit for
caffeine at room temperature, using a newly-developed CHARMM-type force field for caffeine in
water. Simulations were also conducted for single caffeine molecules in water using two different
water models (TIP3P and TIP4P). Water was found to structure in a complex fashion around the
planar caffeine molecules, which was not sensitive to the water model used. As expected,
extensive aggregation of the caffeine molecules was observed, with the molecules stacking their
flat faces against one another like coins, with their methylene groups staggered to avoid steric
clashes. A dynamic equilibrum was observed between large n-mers, including stacks with all eight
solute molecules, and smaller clusters, with the calculated osmotic coefficient being in acceptable
agreement with the experimental value. The insensitivity of the results to water model and the
congruence with experimental thermodynamic data suggest that the observed stacking interactions
are a realistic representation of the actual association mechanism in aqueous caffeine solutions.
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Introduction
As a key component of coffee, tea, and so-called energy drinks, the mild stimulant caffeine
has long been a source of excitement, both in its use and in the study of its solution
properties. The metabolic fate and physiological effects1 of caffeine, both beneficial and
potentially harmful, continue to attract considerable attention.2-4 Caffeine, shown in Figure
1, is synthesized by successive action of the enzyme caffeine synthetase from 7-methyl
xanthine, with theobromine as the doubly-methylated intermediate.5 It is a prototypical
example of a planar, heteroatomic bicyclic, aromatic ring compound which, although
somewhat polar, exhibits limited aqueous solubility. It carries a permanent electric dipole of
∼3.6 - 3.7 D.6 The flat faces of caffeine are sufficiently weakly hydrated such that it will
easily separate out of water into non-polar liquids. In this sense the molecule could be
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considered hydrophobic, and its high O/W partition coefficient is exploited as a principal
means of removal of caffeine from coffee and tea, employing its preferential partitioning
into non-polar solvents like dichloromethane.7 In an aqueous environment, caffeine is
known to undergo considerable self-association, as found experimentally by the
concentration dependence of its osmotic coefficient, measured in parallel with heats of
dilution and density data.8 No matter what model is used to fit the experimental results, the
analysis of the calorimetric data always yields an enthalpy contribution that could solely
account for the association, without the entropy change typical of entropically-driven
hydrophobic interactions.8,9

While the overall structure of caffeine can be characterized as that of two fused, planar
rings, because of its methyl groups, the molecule is not completely planar. With three of its
four nitrogen atoms methylated, caffeine can only serve as a hydrogen bond acceptor, not as
a conventional hydrogen bond donor (Figure 1). The interaction of water molecules with
caffeine has been thought to be largely dominated by the two oxygen atoms and the nitrogen
atom at position 9, because of the full methylation of the secondary amino groups, and
because in the monohydrate crystal structure,10 the incorporated water molecule is only
hydrogen bonded to N9 (Figure 2). However, it has been noted that protons in nucleic acid
purines with covalent environments similar to the caffeine H8 atom can make interactions
with hydrogen bond acceptors that in fact resemble hydrogen bonding.11

Molecular modeling and NMR studies suggest that caffeine dimerization in solution may
occur through stacking, with many possible distinct caffeine-caffeine orientations.12

Previous work by the same authors13 also pointed out, using FT-IR studies, the tendency of
caffeine to associate to form dimers and higher order clusters, but, however, could not
quantitate the average size of the aggregates, generically indicated as “polymers”. In a recent
set of MD simulations of caffeine in water and in a concentrated urea solution, the
simulations began with the caffeine molecules placed in a long stack, which subsequently
dissociated in both solutions into much smaller aggregates, but the geometries and size
distributions of these aggregates were not reported, so that the results cannot be compared
with osmotic data.14 Relevant changes in hydration properties have been claimed in earlier
Monte Carlo simulations of stacked caffeine dimers in vacuo and in water compared to the
results obtained with the monomeric isolated form.12,15 The effects of several co-solutes on
the association properties of caffeine have also been studied in some detail, such as in the
recent report of the change of the self-association constant in some salts of the Hofmeister
series, increasing from NaClO4 to NaSCN to Na2SO4 to NaCl.16 These data add to the
previously reported effects on the solubility of caffeine in the presence of sucrose,17

alcohol,18 urea,14,19 guanidinium chloride,19 and KCl,19 with substantial agreement on the
change in the solvent properties affecting the homotactic caffeine aggregation.

While only limited experimental information is available about the structure of caffeine
aggregates in solution, it is possible to gain further insight into caffeine interactions from its
crystal structures, which are well-known, and also provide some indication of how it
behaves in the condensed phase. The best known crystalline form of caffeine is the mono-
hydrated crystalline polymorph, with a characteristic needle-like shape,10,20-22 in which the
caffeine molecules are indeed stacked like coins (Figure 2), with the water molecules
hydrogen bonding to the N9 atoms of adjacent caffeine molecules. A decidedly hydrogen
bond-like interaction between the H8 and O2 atoms of adjacent molecules in the same
crystal plane can also be seen in Figure 2. A high-temperature, polymorphic, anhydrous
crystalline powder form is known which, when cured at temperatures below 87°C
transforms into a low temperature polymorph with a trigonal crystal structure,10,20 and this
polymorph reverts to the crystal form at 141°C, with an enthalpy change, ΔHtr, of 3.9 kJ/
mol. Recently, it has been found that the high temperature crystalline phase is in a state of
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dynamic orientational disorder of the stacked rings, referred to by Descamps et al. as a
“plastic or glassy crystal”.23 The original observation that a pseudo-hexagonal symmetry
originates from orientational disorder in the molecular stacking24 has been confirmed by
more recent findings.22,23,25 Thus, in the absence of the water molecules bridging the N9
atoms of adjacent rings, which keep the rings in register, caffeine molecules in the crystal
are still stacked, but their orientation can be easily scrambled with little energy cost. This
disordered solid phase strongly suggests that stacked dimers in solution might similarly
exhibit multiple orientations with respect to one another, as suggested by the solution NMR
data.12

In the absence of more direct experimental information about the structure of caffeine
solutions, MD simulations can be of use in characterizing their behavior. Furthermore,
simulation studies of caffeine offer the possibility of testing various models for aqueous
solvation using a biological system for which reliable experimental data are available.
Recent theories of the hydration of hydrophobic surfaces have found that extended planar
surfaces should hydrate differently than smaller hydrophobic species.26-29 For solutes with a
small spatial extent and a high curvature, such as methane or methylene, water molecules in
the first “hydration shell” can straddle the solute to make hydrogen bonds to other water
molecules, with neither of its protons or lone pairs directly pointing at the solute, which
would involve the loss of a hydrogen bond.30 The cost of this structuring is entropic, since
the rotational freedom of the water molecules is restricted. As a result, such species are
driven to aggregate in aqueous solutions, which liberates water molecules to regain their
rotational freedom. The calorimetric signature of this type of hydrophobic aggregation at
room temperature is that it is entropy-driven, with a heat capacity change that is negative,
since the initial solvation of such hydrophobic species is accompanied by an increase in the
heat capacity. This hydration is considered a wetting interaction, since there is a maximum
in the radial distribution function for the water molecule oxygen atoms from the central
carbon atom of the hydrophobic group at the van der Waals contact distance around 3.4 Å
(in a truly wetting interaction involving hydrogen bonding, this distance would be even less,
around 2.8 Å). However, as the spatial dimensions of hydrophobic species grow larger, it
becomes impossible for water molecules to straddle the hydrophobic surface and still make
hydrogen bonds to other water molecules off to its sides.29 Under these conditions, the water
molecules point one hydrogen atom or lone pair directly at the non-hydrogen-bonding
surface, since the resulting loss of one hydrogen bond is nevertheless energetically better
than the loss of the three hydrogen bonds that would result if it adopted the orientation of
waters adjacent to a methane molecule.28,31,32 The aggregation of such extended surfaces in
aqueous solution would then be enthalpically-driven, since the pairing of two such surfaces
would allow the liberated water molecules to regain their lost hydrogen bonds. Orientational
structuring of this type has been observed in simulation studies of extended featureless
surfaces as well as of benzene.29,31,33,34 Chandler has demonstrated that there is a gradual
transition from entropic domination of the solvation free energy to enthalpic as a function of
size for the case of a spherical cavity, with a characteristic length scale for the transition of
∼1 nm.27,28 This type of hydration also results in a depletion of water molecule density
close to the hydrophobic surface, unlike the case for the small spherical solutes such as
methane, where there is a peak in water density at approximately the contact distance, so
that the hydration of these surfaces is characterized by a dewetting, with an extended zone
from which water is excluded.28,29

Caffeine offers the interesting possibility of further testing these ideas experimentally, since,
while it is planar with hydrophobic faces, unlike benzene, it is sparingly soluble in water,
due to its several hydrogen bonding functional groups. As a result, there are more
experimental calorimetric data available for caffeine molecules in water. As already noted,
such data have shown that it associates in water, that this association is enthalpically-driven,
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and that its solubility increases with temperature, contrary to the behavior characteristic for
entropy-driven association.8,9 The present studies are designed to examine the molecular
details of caffeine hydration and association, which can then be compared with both the
theoretical models and experimental data. Thus, as part of a larger project to characterize the
interactions of sugars with caffeine, we report molecular dynamics simulations of caffeine in
aqueous solution, to provide a description of how water interacts with and is structured by
caffeine, and also how caffeine molecules associate in aqueous solution. The purposes of the
study included providing a qualitative test for the procedures used to model caffeine
solutions, examining the structural features of caffeine solutions that have not thus far been
available using other methods, and comparing the details of caffeine hydration and
association with expectations from general theories of hydrophobic hydration.

Procedures
Caffeine Force Field Development

Parameter values for the bonds, angles, dihedrals, and improper dihedrals of caffeine were
based on the existing CHARMM27 nucleic acid parameter sets for guanine and uracil.35,36

Several charge sets for caffeine can be found in the literature. The set reported by
Shestopalova37 was used to investigate the interaction of caffeine with actinocin derivatives.
By initially adopting the charge set for the simulation of stacking glucose against caffeine, it
was found that the low partial charge values of this set promoted a strong hydrophobic
behavior, underestimating the polar interactions. On the other hand, the unscaled charge set
of Sanjeewa and Weeasinghe,14 with high partial charges for O and N, was inappropriate for
use with the chosen TIP3P and TIP4P water models. In this work, B3LYP and MP2 level
quantum mechanical calculations were used to estimate electronic densities. The geometry
for caffeine was optimized at the MP2/6-311++G** and B3LYP/6-311++G** level of
theory using the programs Gaussian09 and NWCHEM 6.0.38,39 In general, the geometries
calculated via the B3LYP/6-311++G** level of theory are very reliable. On the other hand,
properties and energies can differ significantly between the two methods. For example, in
the present case the vacuum dipole moment for caffeine at the MP2/6-311++G** level of
theory is 4.55D, while for B3LYP/6-311++G** the vacuum dipole is 3.90D.
Experimentally, the reported dipole moment for caffeine in benzene is 3.70(+/- 0.05)D.40 A
starting ESP and Mullikan charge set was calculated and adjusted/scaled to the
CHARMM27 all-hydrogen nucleic acid force field. This included adjusting the proton
charge at the methyl groups to 0.09 (a standard CHARMM force field requirement). Further,
the heavy atom charges (N, O, and C) were adjusted to a range of charges commonly used in
the CHARMM27 force field for similar valence situations. For this crude charge adjustment
the dipole moment and its orientation were used40 as criteria to be preserved.

However, the vacuum dipole moment alone is an insufficient criterion for charge set
development. It is also necessary to account for the effect of the aqueous environment. To
refine the charges further, the force field development strategy outlined by McKerell et al.
was used.35,36 This procedure for charge adjustment requires that water molecules be
strategically placed around the molecule, with the charges then adjusted to match the HF/
6-31G* interaction energy (scaled by 1.16) between the molecule and water. The HF/
6-31G* interaction energy was optimized only as a function of distance between the donor/
acceptor pair, meaning that the water and caffeine geometries remain fixed in the HF and
CHARMM minimizations. Seven interaction points were selected: O2CFF---HOH, O6CFF---
HOH, N9CFF---HOH, H8CFF---OHH, H7xCFF---OHH, H3xCFF ---OHH, and H1xCFF ---
OHH. The specific water locations used are shown in Figure S1 (Supplementary Material).
The focus was on matching the interaction energies and preserving the dipole moment and
its orientation. In this case, this constitutes an 8-dimensional minimization problem in which
an attempt is made to minimize the root mean square deviation (RSMD) in the interaction
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difference between the HF/6-31G* and CHARMM results for all of the individual water/
caffeine interaction points, while maintaining the dipole moment by adjusting the charge set.
For the final charge set (Table 1) the RSMD in the energy difference between the HF/
6-31G* and CHARMM results for the seven interaction set was 0.138 kJ/mol, the average
difference 0.0374 kJ/mol, and the absolute error 0.0988 kJ/mol, respectively. The final
vacuum dipole moment was calculated at 4.3D, which is somewhat higher than the
experimentally measured value in benzene (3.7D)40 but still falls in between the QM
vacuum dipole moments of 3.9D for B3LYP/6-311++G** and 4.55D for MP2/6-311++G**.
The overall orientation of the dipole moment was maintained.

It should be noted that during the optimization of the charge set no attempted was made to
include caffeine/caffeine stacking behavior or interaction of water perpendicular to the ring
plane. Although the charges on C4 and C5 are relatively high and of opposite signs, such a
situation is not uncommon for similar molecules in the CHARMM27 topology set except for
the somewhat high negative charge on C5, which compensates or balances the small charge
on N7.

Simulation Protocols
MD simulations were performed for both a single caffeine molecule in a box of water, and
for a much larger system of eight independent caffeine molecules in water. The simulations
were carried out in the microcanonical ensemble (NVE) using the CHARMM molecular
mechanics program,41,42 with the energy parameters developed for this purpose. Atomic
partial charges for the caffeine molecule were developed using the standard CHARMM
procedure, as described above.35,36 Starting atomic coordinates for the caffeine molecules
were taken from the reported monohydrate crystal structure.10

In the study of the interactions of water with an individual caffeine molecule, two
simulations of a 0.083 molal caffeine solution were performed using two different water
models, TIP3P and TIP4P.43,44 In both cases, the system studied was a periodic cubic box
containing 1 caffeine molecule and 667 water molecules. The lengths of the covalent bonds
involving hydrogen atoms were kept fixed using the SHAKE algorithm.45,46 The Newtonian
equations of motions were integrated using a time step of 1 fs. van der Waals interactions
were smoothly truncated on an atom-by-atom basis using switching functions from 10.5 to
11.5 Å. Initial configurations were first minimized with 500 steps of steepest descent
minimization to remove bad local contacts, after which the system was heated from 0 to 300
K over 10 ps. The size of the box was adjusted to 27.3 Å to yield the density of water at
27°C. The trajectory data were collected for 10 ns, which was deemed sufficient considering
the fast relaxation rates and diffusion coefficients for water and the rapid rate of structural
convergence in similar aqueous solutions of rigid solutes.

The construction of the box containing 8 caffeine molecules was made as before by using as
a starting box one generated by replicating along the three axes a box of 518 water
molecules. Then, starting coordinates were generated by randomly placing and orienting 8
caffeine molecules in the resulting equilibrated cubic box of 4144 water molecules, with
sides of 50.2464 Å, and removing those water molecules whose oxygen atoms were closer
than 2.4 Å to any solute heavy atom. The resulting system consisted of 8 caffeine molecules
and 4067 water molecules. The concentration of caffeine was thus 0.109 m, the solubility
limit at 298 K.24 The water model used was TIP4P. The size of the cubic box was then
rescaled to 49.9453 Å to achieve the density of water (0.996 g/cm3) at 27°C. The simulation
was run for 63.2 ns, and the final 50 ns were used for analysis. This simulation ran for a total
of about 50 days on an 8-processor Linux cluster. Atomic density analyses of the trajectory
were carried out using the Visual Molecular Dynamics (VMD) graphics program.47
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Results and Discussion
Caffeine hydration

The interactions of caffeine with solvent water are highly complex, as has been observed for
many other large, polyatomic solute molecules.48-50 Caffeine contains several types of
functional groups that will have different individual hydration patterns, as well as flat
hydrophobic faces. The carbonyl oxygen atoms O2 and O6, as well the ring atom N9 (see
Figure 1), can all serve as hydrogen bond acceptors, and in the simulations were found to
make the expected well-behaved hydrogen bonds to water molecules. Figure 3 shows the
radial distribution functions for water oxygen atoms calculated around each of these atoms,
as well as a similar function for the H8 proton and the non-polar C8 carbon atom to which it
is bound. As can be seen, the water molecules make typical hydrogen bonds to the O2, O6,
and N9 atoms, with integrals to the first minima giving approximately two such hydrogen-
bonded neighbors for each case (Table 2). The H8 proton also interacts with the water in a
manner somewhat resembling hydrogen bonding, with a g(r) intermediate between that of an
aliphatic group and a hydrogen bonding one, due to its higher than normal partial charge
(Figure 1 and Table 1). Such hydrogen bonding behavior has also been observed previously
for the topologically and chemically similar protons of nucleic acid purines,11 and is evident
in the crystal structure of the monohydrate as well (Figure 2). However, the first peak of this
distribution function is still much broader than would be the case for a true hydrogen bond
donor proton.

Since the hydration of one atom in a complex solute like caffeine necessarily also
contributes to the hydration of its neighboring atoms in the solute, it is perhaps more
informative to look at the full three-dimensional anisotropic distribution of solvent
molecules around the caffeine as calculated in a reference frame fixed with respect to the
solute molecule.49 Figure 4 displays the density of water oxygen atoms as calculated relative
to the center of mass of the caffeine, contoured at densities of 1.3 times bulk density and 1.4
times bulk. As can be seen from these figures, water molecules are not uniformly distributed
around the caffeine solute. Although polar, caffeine is relatively hydrophobic due to its
weakly hydrating faces, and the water molecules around it are not as strongly localized as in
previous simulation studies of other complex solutes such as xylose,49 guanidinium,50 or
pyridine.51 Nevertheless, it can be seen that there are clearly preferred positions for the
solvent molecules relative to the solute, as has been seen in all such previous cases as well.
Two small clouds of density at roughly the tetrahedral angle can be seen around both of the
carbonyl oxygen atoms, as would be expected for two water molecules hydrogen bonding as
donors to these atoms. There are also caps of density above and below the ring planes for
those water molecules hydrating these hydrophobic faces, at a greater distance (∼ 0.5 Å
further away).28 These density caps merge at this density contour level with a long, narrow
band of density wrapping around the N9 atom, primarily arising from approximately two
water molecules that are interacting as hydrogen bond donors to this atom, but less strongly
localized than those hydrogen bonded to the carbonyl oxygen atoms. At the slightly higher
density contour level displayed in Figure 4b, it can be seen that there is a significant density
in the plane of the caffeine ring due to a water molecule making a linear, in-plane hydrogen
bond to this nitrogen atom (note that the caffeine molecule in Figure 4b is oriented with N9
facing the observer, unlike in Figure 4a). This position roughly corresponds to that of the
water molecules that bridge between caffeines in the monohydrated crystal form (see Figure
2),10 consistent with a previous hypothesis that this crystallographic interaction already
exists in solution before crystallization.52 As can be seen by the disappearance of the
hydrogen bond clouds for the carbonyl oxygen atoms at this higher density level, this water
molecule position is somewhat more localized than water molecules interacting with O2 and
O6.
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Interestingly, there is also a band of high solvent density wrapping around the solute roughly
equidistant from the van der Waals surface of H8. It is not clear to what the origin of this
band of density is due. In previous studies, such solvent localization has generally been seen
to arise from direct interactions with specific hydrogen-bonding functional groups in the
solute.49-51 In this case, however, it is less clear what interactions have given rise to this
localization of water density. The proton H8 is not a typical aliphatic hydrogen atom, since
the carbon atom to which it is bound is not sp3 hybridized. A reflection of this difference is
the atomic partial charge of 0.216 vs. the typical 0.09 (see Figure 1 and Table 1), and thus
this C-H could be thought of as a weak hydrogen-bonding-like moiety, also consistent with
its unusual radial distribution function in Figure 3. These molecules are oriented as
hydrogen bond acceptors, and there are three occupied positions, one in the plane of the
solute and one each above and below the plane, at approximately tetrahedral angles, as can
be seen in Figure 4b. Such hydrogen-bonding-like interactions have been previously
observed experimentally for the similar proton in nucleic acid purines.11 Of course, if this
proton were truly functioning as a hydrogen bond donor, only one highly localized peak
would be expected in the plane of the molecule.

Table 2 lists the number of first neighbors for selected atoms as calculated from the integral
of the radial distribution functions. The hydrogen bond acceptors O2, O6, and N9 each make
somewhat less that two hydrogen bonds to water molecules by this criterion. The non-polar
C8 atom has approximately 8 neighbors, as might be expected for such an atom. H8,
however, also makes approximately two hydrogen-bond-like interactions with neighboring
water molecules, again consistent with the picture of this proton being a weak, hydrogen-
bond-like donor (as already noted, if it was truly functioning as a hydrogen-bond donor, it
would make only one such hydrogen-bond-like interaction, and at a shorter separation
distance).

The TIP4P water model was used in the present simulation, even though TIP3P was used in
a related previous series of studies,51,53,54 since the TIP3P model is known to give a
somewhat less tetrahedrally-structured condensed phase than the four center model,43,55 also
resulting in a water self-diffusion coefficient that is too large by almost a factor of two.
However, the details of the solvent structuring observed here are unlikely to be an artifact of
the water model employed, since the single caffeine molecule simulation was carried out
using both the TIP3P and TIP4P water models, with very similar results (see Figure 5). The
two simulations were not identical, however; note the absence of the two tetrahedral clouds
around O2 for the TIP3P case at the selected contour level (these clouds do appear at a lower
contour level, however). While the TIP4P model is necessarily more computationally
“expensive” to use due to the larger number of interactions, it has the twin advantages of
being in slightly better agreement with structural data for pure water and, as a result, giving
much more quantitatively accurate diffusional behavior.

Caffeine Association
As expected from previous experimental studies, considerable aggregation of the caffeine
molecules was observed in the larger simulation of eight independent solute molecules. The
overwhelmingly predominant mode of this association was by stacking like coins of the
planar faces (Figures 6 and S2, Supplementary Material). Figure 6 shows an example of
such a cluster of size three. This stacking led to aggregates of various sizes, dynamically
exchanging as monomers or larger aggregates added to existing clusters, while other clusters
broke up into smaller stacks or monomers. Figure 6 also displays the contours of caffeine
density calculated relative to a frame fixed with respect to each individual solute molecule,
in a manner analogous to the contouring in Figures 4 and 5. The series of density clouds
above and below the reference molecule clearly indicate the stacked nature of the
interactions and the tendency to form extended clusters (the small deviations from perfect
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symmetry in these clouds is a reflection of a lack of complete thermodynamic convergence
in the trajectories). The contouring in Figure 6 tends to overemphasize the appearance of
rigidity in these clusters, which had some latitude for individual members of the stacks to
displace with respect to the stack axis, as can also be seen in both Figures 6 and S2.

It can also be seen from Figure 6 that steric clashes between the methyl groups in stacked
molecules cause certain relative orientations of the molecules, as characterized by the angles
between their dipole vectors, to be preferred, so as to avoid such clashes. Figure 7 shows
that the potential steric clashes of the methyl groups for stacked pairs of caffeine molecules
leads to a disordered three-fold symmetry with three probable relative positions for the
solute oxygen atoms. As might be expected, the stacking also perturbs the solvent
structuring around the collective stack somewhat, since for the central caffeine molecules in
the stacks, the water primarily can only be in the approximate plane of each ring, because
the presence of the neighboring caffeine molecules interferes with the development of the
“banana-shaped“ water density clouds that are possible for caffeine monomers or for the
terminal solute molecule of a stack (as in Figure 4).

The simulation began with the caffeine molecules randomly distributed in the cubic box, and
it took considerable time for the larger clusters to begin to form, due to the slow diffusion
rate of the caffeine molecules. Initially, two dimers formed, one of which then grew to a
trimer and then a tetramer by monomer capture. This tetramer subsequently broke in two,
giving a system of three dimers and two monomers. The system continued exchanging
monomers in this fashion until a trimer and a pentamer combined to give a stacked octamer.
The first appearance of this octamer aggregate occurred around 9 ns into the simulation.
Once formed, there were also numerous scission events in which larger aggregates broke up
into smaller stacks or monomers. The longest uninterrupted lifetime observed for an octamer
was ∼ 1 ns (this particular sequence was used to construct Figure 7).

Figure 8 displays the probability distribution for clusters of various sizes as calculated from
the final 50 ns of the simulation, since the gradual evolution away from the highly artificial
starting structure took approximately 12 ns. Unfortunately, even though the present
simulation was quite lengthy, the calculated probability distribution is not fully converged.
However, from such a distribution, it is possible to estimate the osmotic coefficient, which
can be compared to the experimental value. For the distribution in Figure 8, the osmotic
coefficient was calculated to be 0.49, as compared with the experimental value of 0.60
(measured at the slightly different temperature of 25°C). Note also that the size distribution
agrees qualitatively with that expected from the isodesmic model, also illustrated in Figure
8. In this model,56,57 which has also been used to interpret the data for other purine-like
molecules,58,59 the binding energy for the addition of a monomer to an aggregate is the same
regardless of the size of the aggregate. Thus, the model is characterized by a unique nearest-
neighbor interaction strength that is independent of the length of the cluster (equal molar
equilibrium constants). The simplicity of this model is that it is exactly solvable, like the
one-dimensional Ising model (in this case non-cooperative), although other authors have
used a discrete association model of dimers and tetramers, including polymers of stacked
caffeine molecules.13,60

The computed distribution exhibits higher probabilities for the largest size clusters than
would be expected from the isodesmic model of the experimental data. From examination of
the details of cluster formation and break-up, it seems that this effect is due to the coupling
of the energetics of paring with the increasingly slow kinetics for escape of large aggregates
as the size increases. For example, if a cluster of size 8 breaks into two smaller clusters of
size 4, or 5 and 3, with the same energy change in either case, as predicted by the isodesmic
model, the slow diffusion rates for these large aggregates means that they are more likely to
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reform in a given time than would be the case for two monomers (in this circumstance, use
of the TIP3P water model, with its higher diffusion coefficient, might have facilitated
convergence). This effect would be balanced at the ends of the stack by the escape of
monomers and dimers, which would still occur with more rapid kinetics. The balance of
these effects would lead to the formation of clusters of some intermediate large average size,
but would not cause the solution to proceed to complete aggregation and phase separation,
which is consistent with experiment since it is of course known that at this concentration and
temperature, the caffeine molecules do remain in solution.

It is also of some interest to further characterize how individual caffeine molecules stack
against each other to form an n-mer in solution, to determine whether there is any influence
from dipole vector interactions. One way to characterize the relative orientation of two
caffeine molecules in van der Waals contact is to determine the angle θ̣ between their
individual dipole vectors. The dipole moment of caffeine in the simulations is 4.3 D, which
is significantly larger than that of water, as well as the experimental value of ∼3.6 - 3.7 D in
benzene6 (although comparable to the 4.6 D in dioxane6), and the clusters might structure so
as to reduce the overall dipole moment of the an n-mers by orienting the caffeine molecules.
If so, orientations other than a parallel alignment of the individual dipole moments in the
stack should be found (as already seen, perfect parallel alignment is not allowed by steric
clashes of the methyl groups; (Figure 7)).

Figure 9 shows two caffeine molecules in van der Waals contact for which the individual
dipole moments are aligned parallel to one another. There are two possible parallel
alignments of these individual dipoles, as shown in the figure: “non-flipped” and “flipped”.
Figure 10 displays the distribution of the angle θ between the two dipoles as computed from
the last 50 ns of the trajectory, as for the clustering analysis of Figure 8. It can be seen from
this figure that the dipole moments preferentially align anti-parallel (cosθ = −1), whether the
caffeine molecules are flipped (dotted line) against each other or not (dashed line). However,
the perpendicular and parallel alignments are not much less probable, consistent with the
NMR analysis.12 This suggests that the stacking interaction energies for different caffeine-
caffeine arrangements are similar. From the probability distributions it can be estimated that
the relative ΔG range is < 8.4 kJ/mol for the distribution shown in the figure. Poltev et al.
investigated caffeine association using the MP2/6-31G(d,p) level of theory and reported
stacking minima in the range of −46.46 kJ/mol to −49.39 kJ/mol, with an almost anti-
parallel orientation being of lowest energy.61 This reported small energy range for the
different energy minima supports the present finding that the distribution probabilities for
the different orientations are similar. The structuring in the probability distribution shown in
Figure 10 is caused by steric avoidance of the methyl and carbonyl groups during the n-mer
formation.

In Figure 11 the probability distribution of the cosine of the angle between the dipole vectors
of two caffeine molecules in van der Waals contact is shown for the caffeine molecules in a
flipped arrangement for all the molecules in an n-mer (solid line) compared to the caffeine
molecules at the terminal (dotted line) and inner part (dashed line) of the n-mer. This figure
illustrates that there is no preference in how the individual dipole moments orient against
each other, regardless of the position of the caffeine in the n-mer. Due to the planar
symmetry of the caffeine, it is necessary to consider the two arrangements of the caffeine
molecules shown in Figure 9 and ask if there is a preferred pattern of flipped and non-
flipped arrangement within the n-mer stack. The observed ratio of flipped to non-flipped
arrangements is 40:60, which suggests that there is no preferred arrangement in the make-up
of an individual n-mer stack.
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The Role of Hydration in Caffeine Association
As has been seen, the various polar functional groups of caffeine hydrate as might be
expected, with the oxygen atoms and the N9 nitrogen atom making conventional hydrogen
bonds to water molecules, collectively accounting for an average of 5.42 hydrogen bonded
water neighbors (Table 2). Somewhat less expectedly, the unconventional H8 atom also
makes well-localized interactions that resemble hydrogen bonds with, on average, 2.11
neighboring water molecules. The band of water density occupied by these water molecules
wraps around the caffeine molecule and merges at the top and bottom with density, at a
somewhat greater distance from the solute, occupied by water molecules hydrating the flat
faces of the solute. These molecules, however, exhibit the type of structuring expected for
extended hydrophobic surfaces, as can be seen in Figure 12, which illustrates the
instantaneous orientations, from a “snapshot” of the trajectory, of two water molecules
contributing to those density clouds above and below the flat faces. Directly over the center
of the molecule, in a cylindrical volume centered on the C4-C5 bond, water molecules point
either a proton or lone pair directly at the non-hydrogen-bonding surface. Figure 13 displays
the probability of observing an angle of cosθ, P(cosθ), between the normal to the surface
and the vector from the water oxygen atom to the proton positions. As can be seen, there is a
prominent peak at -1, indicating a high probability for a proton to point directly at the
surface. The second broad maximum centered around the tetrahedral angle is a consequence
of the quasi-tetrahedral structure of the water molecule; if one proton is pointing at the
surface, the other must be making the tetrahedral angle with respect to it.

These structured water molecules explain the experimentally-observed dominance of the
enthalpic contribution to the free energy of aggregation. If two caffeine molecules aggregate
by face-to-face stacking, these water molecules are liberated, with a gain in entropy, but
with a much larger gain in enthalpy, due to the recovery of the freedom of these molecules
to make hydrogen bonds to other water molecules. It should be noted, however, that the
volume of this region is small, and thus the number of water molecules structured in this
way is also small, approximately 0.29 per caffeine averaged over the trajectory, which
explains the relatively small magnitude of the enthalpy change, even though it comes from
recovered water-water hydrogen bonding.

Unlike the hydration of more extended hydrophobic surfaces, there was no significant
dewetting observed in the caffeine hydration, with the density maximum for those water
molecules contributing to Figure 13 coming at approximately the same distance from the
surface as would be seen for methane. However, this is not particularly surprising given the
size and character of the solute. As noted, the spatial extent of the planar surface of caffeine
is considerably less than the 1 nm dimension calculated by Huang and Chandler for the
transition to dewetting behavior.27,28 Also, the close proximity of the polar, hydrogen
bonding functionalities on the caffeine molecule impose additional constraints on the
positions and orientations of these water molecules, through interactions with the water
molecules hydrogen bonded to those groups, that would not exist for an extended,
featureless hydrophobic surface.

Conclusions
The present simulations find that caffeine in aqueous solution imposes a complex
organization on its adjacent solvent molecules, as has previously been seen for other
molecular solutes. As with these other biological species, the exact details of this structuring
are a complicated function of the molecular architecture of the solute. In addition, a
pronounced tendency for the caffeine molecules to aggregate was observed, with the
mechanism of aggregation being stacking of the hydrophobic planar faces. This stacking
resembles hydrophobic association, with the face-to-face stacking liberating structured water
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molecules, although the entropic change upon association could not be determined from
these simulations.

The observed association is consistent with experimental osmotic data and previous
theoretical results for caffeine in aqueous solution, which serves to validate the various
approximations of the computational model used here, including the ad hoc force field
parameters. Thus, these models can be assumed to be adequate for the simulation of caffeine
interacting with other species such as sugars in aqueous solutions. However, future free
energy calculations for further comparison with thermodynamic data would be desirable,
since it is clear that these simulations, lengthy though they were, are still incompletely
converged and can give only qualitative agreement with these measurements. In addition to
timescale, system size may also have been a limiting factor,62 although in our previous
simulations of guanidinium aggregation, which studied aggregation as a function of system
size and concentration, no such effects were found.50

The degree of association observed here should be detectable using small-angle X-ray
scattering (SAXS) experiments, provided the contrast is sufficient, and such experiments
might serve as a further test of the present results. Finally, while the association energy for
the aggregation observed here cannot be dissected from the present results to determine the
accompanying entropy change, it would appear to be driven by the pairing of hydrophobic
faces. Although caffeine is shorter than 1 nm, the structuring of water molecules directly
above the faces is consistent with that predicted for flat hydrophobic faces, and explains how
the association can be both hydrophobic in character and enthalpically-driven.8,9 It would be
quite interesting to use free energy calculations in future studies to calculate a potential of
mean force for caffeine pairing, and to determine the entropic and enthalpic contributions to
the free energy for such pairing.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The covalent structure and atomic numbering of caffeine (1,3,7-trimethyl xanthine). The
atomic partial charges for all atoms except those of the methyl groups (see Table 1) are also
indicated.
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Figure 2.
Two views of the monohydrate crystal structure of caffeine, illustrating the position of the
water molecule (shown as red spheres on the oxygen atom), hydrogen bonded to the N9
atom of the caffeine molecule and making a second bond to another symmetry-related water
molecule.
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Figure 3.
Radial distribution functions for water oxygen atoms around five specific atoms in the
caffeine molecule, as calculated from the simulation of a single caffeine molecule in
solution. Black: O2; red: O6; light blue: H8; green: N9; dark blue: C8. Each successive
curve is displaced upwards by 0.03 for clarity.
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Figure 4.
Contours of TIP4P solvent density calculated in a frame fixed with respect to the center of
mass of the solute. The contour surface encloses those regions with a water oxygen atom
density 1.3 times bulk density (a, left) and 1.4 times bulk (b, right).
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Figure 5.
Clouds of water oxygen atom density as calculated from MD simulations of a single caffeine
molecule in TIP3P (magenta) and TIP4P (yellow) water. The contour surfaces enclose
regions with a density 1.3 times higher than the bulk value.

Tavagnacco et al. Page 18

J Phys Chem B. Author manuscript; available in PMC 2012 September 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Caffeine stacking. Left: contours of caffeine density calculated relative to each caffeine
molecule as calculated from the MD simulations. The contours enclose regions with a
caffeine atom density of 10 times bulk density or higher for the last 20 ns of the simulation.
Right: an example of a stacked cluster of size three, shown in atomic detail.

Tavagnacco et al. Page 19

J Phys Chem B. Author manuscript; available in PMC 2012 September 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Contours of caffeine oxygen atom density, shown in red, contoured relative to each caffeine
molecule, averaged over a 1 ns period during which all 8 caffeine molecules were in a single
aggregate. The three preferred positions resulting from the tendency of adjacent molecules
to stack with orientations that avoid steric clashes of their methyl groups can clearly be seen.
Water density is contoured at 2.4 times bulk density in green and purple; purple indicates
water molecules adjacent to caffeine molecules in the interior of the aggregate stack, and
green contours are calculated for the terminal caffeine molecules of the stack.
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Figure 8.
The distribution of cluster sizes as calculated from the final 50 ns of the simulation (black
circles), compared to the calculated distribution of cluster sizes at 0.109 m for the isodesmic
model (open circles) with all equal equilibrium constants K = 9.4 for the association from
the osmotic data.8 The lines are not fitted curves, but simply connect successive points in
each series as a visual guide.
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Figure 9.
The two possible parallel alignments of the dipole moment vectors for two stacked caffeine
molecules; left: non-flipped, right: flipped (see text). Note the steric clashes in the example
on the left.
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Figure 10.
The cosine of the average angle θ between two consecutive stacked caffeine dipole vectors
as calculated from the simulations. The dotted line is for flipped orientations (the second
caffeine is “flipped” by rotation of 180° around the dipole axis); the dashed line is for non-
flipped orientations; and the solid line is for all orientations.
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Figure 11.
The cosine of the angle θ between two consecutive stacked caffeine dipole vectors for the
terminal (dotted)/center (dashed)/all (solid) caffeine molecules; it can be seen that there is no
orientational preference between the terminal and center molecules in a stack.
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Figure 12.
Top (a, left) and side (b, right) views of an instantaneous configuration of two of the water
molecules that contribute to the water oxygen density clouds shown in purple. Note that
these water molecules are positioned approximately above the C4-C5 bond, and that both
are both pointing a hydrogen atom directly at this non-hydrogen-bonding surface.
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Figure 13.
The probability of observing an angle cosθ between the water bond vectors and the normal
to the caffeine surface plane, for water molecules in a cylinder of radius 0.675 Å centered on
the midpoint of the C4-C5 bond of the caffeine, and within 4.5 Å of the surface.
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Table 1

The atomic partial charges developed for the present MD simulations (see Figure 1 for the atomic naming
conventions).

Atom Partial charge

N1 -0.432

C1M -0.008

C2 0.505

O2 -0.454

N3 -0.342

C3M 0.093

C4 0.357

C5 -0.402

C6 0.610

O6 -0.470

N7 -0.033

C7M -0.054

C8 0.170

H8 0.216

N9 -0.566

all methyl protons 0.090
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Table 2

The number of water molecule neighbors for selected caffeine atoms.

atom distance of first minimum in gxow(r) (Å) number of neighbors out to first minimum

O2 3.29 1.88

O6 3.25 1.71

N9 3.39 1.83

C8 4.56 8.11

H8 3.13 2.11
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