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S.1 Assessment of the methods in terms of the ability to locate minima on the potential energy surface of
caffeine dimer

A critical step to conduct DFT calculations of caffeine aggregates is the definition of the level of theory (density functional and basis set)
used to describe the interaction between caffeine molecules. From the crystallographic data caffeine two interaction patterns were identified:
a “face-to-back” (hereafter known as parallel) and “face-to-face” configuration (hereafter known as anti-parallel), respectively. The structures
of are reported in Figure S.1 and S.2.12 In both synthons the aromatic rings distant 3.4 A and the methyl groups are rotated to allow the
formation of weak CHj;:--X (X = O and N) hydrogen (H) bonds between two caffeine molecules. These two dimeric motifs were used as the
initial configurations to conduct geometry optimization using a selected set of generalized-gradient-corrected GGA, hybrid DFT (HDFT),
hybrid-meta DFT (HMDFT) and long-range corrected HDFT (LC-HDFT) exchange-correlation functionals (all methods are listed in Table

S.1 and S.2).

<
M Figure S.1 The crystallographic structure of caffeine.’ Panel a: dimer
geometry taken as a model highlighted in green. Panel b: top view of the

structure of the dimer showing the overlap between the two aromatic rings.
CM Panel c: side view of the structure of the dimer showing the orientation of
the methyl groups towards the O.
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H Figure S.2 The crystallographic structure of anhydrous caffeine.?
Panel a: dimer geometry taken as a model highlighted in green. Panel

b: top view of the structure of the dimer showing the overlap between

the two aromatic rings. Panel c: side view of the structure of the dimer
showing the orientation of the methyl groups towards the N and O.



A systematic study of DFT methods by Sherrill and co-workers* concluded that the long-range corrected hybrid ®B97X-D functional gives
an excellent description of non-covalent (hydrogen-bonded and dispersion-bound) complexes. The geometry of the caffeine dimer optimized
using the ®B97X-D functional (Figure S.3(g)) is consistent with the face-to-face crystalline dimeric motif and the binding energy at this
level of theory is -14.1 kcal mol-'.

Pure GGA (PBE and BLYP) and HDFT (B3LYP and PBE1PBE) functionals are unable to locate a local minimum corresponding to the
parallel crystalline dimeric motif on the potential energy surface (PES) of (CAF),, (Table S.1). These methods neglect dispersion and cannot
accurately describe the combination of n-m and CH;---X (X = O and N) interactions (Figure S.3). The caffeine molecules in the dimer
optimised at the PBE, BLYP, B3LYP and PBE1PBE methods are arranged in a way to maximize the CHj---O H-bonding intermolecular
interaction and are not the n-x stacking arrangement [Figure S.3(d)]. This shows that misleading results could be obtained by the application
of this functionals. The dispersion corrected PBE function (PBE-D3) locates the crystal dimer motif on the PES of (CAF), [Figure S.3(g)],
but the binding energies (AE) computed using diffuse Gaussian functions [6-31+G(d,p) and 6-311+G(d,p)] and plane wave basis sets are
approximately -11 kcal mol-!. This value is four kcal mol-! lower than the binding energy obtained using the ®B97X-D method. On the other
hand, Grimme’s -D3 corrected BLYP and B3LYP methods as well as the M06-2X functional, which was specifically developed for non-
covalent interactions,’ are unable to locate the parallel dimeric configuration (Figure S.1). The GGA dispersion corrected B97-D2 and B97-
D3 functionals perform very well both in terms of ability to reproduce the structural properties and the energetics of interaction in the dimer.
The energy of formation and ability of DFT methods to locate the anti-parallel crystal dimeric motif are reported in Table S.2. With the
exception of BLYP/6-31+G(d,p), the structures optimized with all other methods correspond to the dimer motif found in the crystal. However,
pure GGA (BLYP and PBE) and hydrid DFT (B3LYP and PBE1PBE) functionals give values for the gas-phase dimerization energy that are
10 to 15 kcal.mol™! lower than the binding energies computed with the ®B97D functional. The B97-D2 functional together with the 6-
31+G(d,p) provides a good compromise between accuracy and computational cost® and therefore this method was used to compute the

structure and energetics in the gas phase associated with the formation of caffeine oligomers.



Table S.1 Gas phase energy of formation (AE,g,) of caffeine dimer as computed by the DFT methods. The initial configuration
of the two caffeine molecules configuration corresponded to the dimer motif (a) found in the crystal structure of caffeine.

DFT Method Basis set AE (kcal mol-) Ability to locate motif (a)
GGA BLYP 6-31G(d) -5.89 x
6-31+G(d,p) -2.32 x
PBE 6-31G(d) -5.50 x
6-31+G(d,p) -5.61 x
Plane Waves -0.68 N
GGA + Grimme BLYP-D3 6-31G(d) -24.97 x
6-31+G(d,p) -18.72 x
PBE-D3 6-31G(d) -14.60 N
6-31+G(d,p) -11.51 N
6-311+G(d,p) -11.28 N
Plane Waves -10.68 N
B97-D2 6-31G(d) -16.33 J
6-31+G(d,p) -13.00 J
6-311+G(d,p) -13.60 J
6-311+G(2df,2p) -13.16 N
B97-D3 6-31G(d) -15.61 J
6-31+G(d,p) -12.57 J
6-311+G(d,p) -13.12 J
HDFT B3LYP 6-31G(d) -6.52 x
6-31+G(d,p) -2.91 x
PBE1PBE 6-31G(d) -4.14 x
6-31+G(d,p) -2.88 x
HDFT + Grimme B3LYP-D3 6-31G(d) -16.06 J
6-31+G(d,p) -17.91 x
PBE1PBE-D3 6-31G(d) -19.99 x
6-31+G(d,p) -11.76 J
HMDFT M06-2X 6-31G(d) -19.27 x
6-31+G(d,p) -17.84 x
LC-HDFT wB97X-D 6-31+G(d,p) -14.08 J




Table S.2 Gas phase energy of formation (AE,g,) of caffeine dimer as computed by the DFT methods. The initial configuration
of the two caffeine molecules configuration corresponded to the dimer motif (b) found in the crystal structure of caffeine.

DFT Method Basis set AE (kcal/mol) Ability to locate motif (b)
GGA BLYP 6-31G(d) -5.82 N
6-31+G(d,p) -1.52 x
PBE 6-31G(d) -9.49 N
6-31+G(d,p) -2.88 S
GGA + D3 BLYP-D3 6-31G(d) -25.15 J
6-31+G(d,p) -18.80 J
PBE-D3 6-31G(d) -21.16 N
6-31+G(d,p) -16.54 J
B97-D2 6-31G(d) -22.10 N
6-31+G(d,p) -17.66 \
B97-D3 6-31G(d) -21.26 J
6-31+G(d,p) -16.92 J
HDFT B3LYP 6-31G(d) -6.41 J
6-31+G(d.p) -2.45 J
PBE1PBE 6-31G(d) -8.16 J
6-31+G(d,p) -5.28 N
HDFT + Grimme B3LYP-D3 6-31G(d) -22.83 J
6-31+G(d,p) -17.90 J
PBE1PBE-D3 6-31G(d) -19.99 J
6-31+G(d,p) -16.75 J
HMDFT M06-2X 6-31G(d) -19.89 V
6-31+G(d,p) -18.51 J
LC-HDFT wB97X-D 6-31+G(d,p) -18.51 J
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Figure S.3 Optimized structures of the caffeine dimer as computed by the DFT methods. The initial configuration for the geometry
optimization was the to the dimeric configuration (a) found in the crystal structure of caffeine



S.2 Accuracy in the evaluation of association free energy in solution
G ot e(AG

The methodology adopted in this work to compute the free energy of association in solution (A ass) has an error aSS) which is given

by the sum of the error in the evaluation of the gas phase free energy of reaction, S(AGQGS), and the error in the evaluation of the solvation

free energies of the reactants and products, S(AAGS:W):
e(AG,s,) = £(AG ) + £(AAG,,) (1)

In Eq. (1), S(AAGSOIU) is the difference between the solvation free energy of the products and of the reactants. For the process of

*
dimerization, the term S(AAGSOZV) is given by:

S(AAGS;lV) = S[AGso*lv(D)] - ZS[AGSO*ZV(M)] (2)

where e[AGSOW(D)] and E[AGSUW(M)] are the errors in the computed values of the hydration free energies of caffeine monomers and

dimers. Table S.3 compares the hydration free energies of caffeine predicted using the SMD solvation model with the experimental value.”

At the B97-D2 level of theory, the effect of the basis set on the hydration free energy is significant and the error S[AGSOZV] is in the range of
0.9-2.7 kcal.mol~l. On the other hand, the M06-2X is less sensitive to the basis set employed and the solvation free energy computed using
the SMD/M06-2X/6-31+G(d,p) method differs by only 0.1 kcal.mol™!.

In this work, the solvation free energies of the monomer, dimer, trimer and tetramer forms were computed using the SMD/B97-D2/6-

31+G(d,p) and SMD/MO06-2X/6-31+G(d,p) levels of theory. Based on the analysis reported in Table S.3, the error E(AGSOIU) is
approximately 1 kcal.mol! with the SMD/B97-D2/6-31+G(d,p) level of theory, and 0.1 kcal.mol-! with the SMD/M06-2X/6-31+G(d,p)
method.

Table S.3 Hydration free energy of caffeine molecule. Solvation calculations conducted using the gas phase
geometry of caffeine optimised at the B97-D2/6-31+G(d,p) level of theory. Values of kcal.mol.

DFT functional Basis set AG ., g[AGSO*lv]
B97-D2 6-31+G(d,p) 1176 0.88
6-311+G(d.p) 1142 122
6-311+G(2df,2p) -9.95 2.69
M06-2X 6-31+G(d,p) ~12.78 ~0.14
6-311+G(d.p) ~12.86 ~0.22
6-311+G(2df2p) ~12.09 0.55
Expt.’ —12.64



Table S.4. reports the energetics of formation in the gas phase of dimeric structure evaluated using hierarchical basis sets. As experimental

o

values of the binding energy and free energy of caffeine are not known, the distribution of the values of AGgaS have been used to estimate

the error S(AGWS) in Eq. (1). The difference between the minimum and maximum value of AGgaS is about 0.5 kcal.mol™!, which can

AG.

therefore be used as an estimate for g( gas).

Table S.4 Energetics of formation of caffeine dimer (a) found in the crystal structure of caffeine. Values of kcal.mol-.

DFT functional Basis set AE, 445 AdGVRTOgaS AGg;5

B97-D2 6-31+G(d,p) -13.00 15.95 2.95
6-311+G(d,p) -13.60 16.41 2.81
6-311+G(2df,2p) -13.16 15.15 1.99

The analysis conducted in this section indicates that free energy of dimerization of caffeine in water computed at the B97-D2/6-31+G(d,p)

method together with the SMD/B97-D2/6-31+G(d,p) solvation model should have an error of

s(AGd;‘m) = s(AGg;S) + E(AAGS;lv) =1kcalmol™ ' + 1 kcal mol ™ = 2 kcal mol ™!

. The error associated with the B97-D2/6-

31+G(d,p) method together with the SMD/M06-2X/6-31+G(d,p) solvation model is

s(AGdfm) = s(AG : ) + E(AAG * ) =1kcal mol™ ' + 0.1 kcal mol ™! = 1.1 kcal mol‘l_

gas solv



S.3 Dimer, Trimer and Tetramer structures of caffeine
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Figure S.4 Structural and electronic properties of dimer (D3) and (D7) computed at the PBE-D3/PW level basis set: parallel (a-d), anti-
parallel configuration (a’-d”). (a/a’) Ball-and-stick model for the two configurations: top and perspective view. The two molecules (top and
bottom) are shown in order to emphasize their relative positions. The perspective views highlight the bonds shown in the panels (¢ —d) / (¢’
—d’). (b/Db’) Charge rearrangement in the dimer configurations with respect to the isolated molecules, corresponding to isosurfaces of
£0.0006 e/A-3. Blue/red indicates depletion/excess of electron density. The ball-and-stick models on the left help understanding the geometry

of the minimum energy configuration. (c —d)/(c’ —d’) Charge density plots on the bond planes for (c / ¢’) the C H---O and (d / d’) the C
H---N hydrogen bonds depicted in the panels (a/a’).
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Figure S.5 The nine low-energy minima were located on the PES of (CAF),, following the proposed computational approach. For clarity
the dimer configurations are depicted from a top view and aside the isolated top and bottom molecules are reported to show the reciprocal

orientation.
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Table S.5 Gibbs free energies of caffeine dimerization (AGp) in different solvents
with static dielectric constant . Values obtained from the Boltzmann average of
the free energies of the low-lying (CAF), isomers. Values in kcal'mol-.

Solvent Classification € AG
Water Polar protic 78.36 0.98
Methanol Polar protic 32.61 2.48
Acetone Polar aprotic 20.49 6.06

Chloroform Non polar 4.71 5.66



S.4 Dimers of paraxanthine
The B97-D2 functional together with the 6-31+G(d,p) was employed to study the stability of paraxanthine (1,7-dimethylxanthine) dimers.

The same procedure applied in the case of caffeine was employed. In the following picture the twenty stable structures of paraxanthine dimer

found are reported.
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Figure S.6 Top view of the twenty low-lying energy isomers of paraxanthine dimer. To clarify the reciprocal orientation of the two molecules
in the dimers, the structure of the isolated top and bottom molecules are also reported.
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Table S.6 Energetics [kcal/mol] for the formation of the 20 low-energy
minima dimer configurations of paraxanthine in the gas-phase and
aqueous solution as computed at the B97-D2/6-31+G(d,p) theory level .

Dimel‘ AE AGCI,;S AGa;S
D1 -16.35 -4.72 2.25
D2 -14.89 -3.76 2.11
D3 -17.51 -3.30 0.45
D4 -14.76 -3.23 1.52
DS -17.49 -3.10 0.67
D6 -17.03 -2.11 1.87
D7 -16.83 -1.88 1.88
D8 -16.31 -1.80 1.62
D9 -17.00 -1.56 2.34
D10 -16.40 -1.49 1.77
D11 -14.89 -1.39 1.05
D12 -15.34 -1.27 2.30
D13 -14.12 -0.79 3.36
D14 -15.16 -0.74 1.81
D15 -13.9 -0.57 0.14
D16 -14.89 -0.91 -0.92
D17 -14.89 -0.89 -0.60
D18 -10.29 3.17 -0.44
D19 -14.97 -0.34 -0.24
D20 -6.99 522 -0.12
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S.5 Experimental methods
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Figure S.7 Raw calorimetric data for the dissociation experiment of caffeine. An aqueous solution of caffeine (82.4mM) in the syringe was
stepwise injected in water, at 25°C.
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Figure S.8 Integrated heat plots (change in enthalpy against concentration) for the dissociation of caffeine in water. The solid line corresponds
to the theoretical curves with Ky = 112 + 3.3 mM and AHgy;, = 5.251 + 0.038 kcal/mol.
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Figure S.9 Raw calorimetric data for the dissociation of paraxanthine. An aqueous solution of paraxanthine (5.55mM) in the syringe was
stepwise injected in water, at 25°C.
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Figure S.10 Integrated heat plots (change in enthalpy against concentration) for the dissociation of paraxanthine in water. The solid line
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Figure S.11 Comparison between the computational and experimental profiles of the population of dimers in solution at concentrations up
to the limit of solubility of paraxanthine (5 mM) and caffeine (82 mM). The computational points were determined using the Gibbs free
energy of dimerization in water of the most stable dimers of caffeine (black circles) and paraxanthine (red circles). The experimental points
were calculated using the Gibbs free energy of association determined using ITC experiments: caffeine: (black star) and paraxanthine (red

star).
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