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dsorption in metal–organic
frameworks: the role of solvent†

Abhishek T. Sose, ‡a Hannah D. Cornell, ‡b Bradley J. Gibbons, b

Ashley A. Burris, b Amanda J. Morris *b and Sanket A. Deshmukh *a

Solvent plays a key role in biological functions, catalysis, and drug delivery. Metal–organic frameworks

(MOFs) due to their tunable functionalities, porosities and surface areas have been recently used as drug

delivery vehicles. To investigate the effect of solvent on drug adsorption in MOFs, we have performed

integrated computational and experimental studies in selected biocompatible MOFs, specifically, UiO-

AZB, HKUST-1 (or CuBTC) and NH2-MIL-53(Al). The adsorption of three drugs, namely, 5-fluorouracil (5-

FU), ibuprofen (IBU), and hydroxyurea (HU) were performed in the presence and absence of the ethanol.

Our computational predictions, at 1 atmospheric pressure, showed a reasonable agreement with

experimental studies performed in the presence of ethanol. We find that in the presence of ethanol the

drug molecules were adsorbed at the interface of solvent and MOFs. Moreover, the computationally

calculated adsorption isotherms suggested that the drug adsorption was driven by electrostatic

interactions at lower pressures (<10�4 Pa). Our computational predictions in the absence of ethanol

were higher compared to those in the presence of ethanol. The MOF–adsorbate interaction (UHA)

energy decreased with decrease in the size of a drug molecule in all three MOFs at all simulated

pressures. At high pressure the interaction energy increases with increase in the MOFs pore size as the

number of molecules adsorbed increases. Thus, our research shows the important role played by solvent

in drug adsorption and suggests that it is critical to consider solvent while performing computational

studies.
Introduction

Solvent has shown its prime importance in biological functions,
polymer science, catalysis, and biomedical applications.1–7 For
example, in drug delivery vehicle (DDV) development, the
interactions between the drug and relevant body uids (solvent)
play a critical role in driving drug release from the carrier.8

Similarly, the drug loading in a DDV is determined by the
interactions between solvent and drugs, between solvent and
the DDV, and between drug and DDV.9–11 At present, our atomic-
level understanding of drug loading in DDVs, such as polymers
and porous materials, is very limited. Specically, the precise
role of the interactions between solvent and the drugs, and
between solvent and DDV is unknown.12–14 Without knowledge
of these interactions, it is difficult to understand if the drug
adsorption occurs at the interface between solvent and the DDV
or if the drug molecules reside primarily in the pore volume of
inia Tech, Blacksburg, VA, 24060, USA.
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071
the DDV. An understanding of the interplay of drug, solvent,
and carrier interactions is, therefore, important for the design
of new DDVs with higher uptake and efficient drug release.

Recently, metal–organic frameworks (MOFs) have been used
in the eld of catalysis, gas storage, and drug delivery due to
their adjustable functionalities, tunable porosities, and high
surface area.13,15–21 In these applications, it has been reported
that solvent plays an important role in determining the stability
and function (e.g. adsorption capacity) of a MOF.22,23 A number
of experimental and computational studies also show that
MOFs have higher drug storage capacity than other porous
materials due to high surface area and the formation of non-
bonded interactions with drugs.17 Grand canonical Monte
Carlo (GCMC) simulations have been used to study drug
adsorption both in the presence and absence of solvent at the
molecular-level.13,15,24–28 For example, adsorption of the anti-
cancer drugs 5-FU and HU in ZIFs was studied by Gomar et al.,25

while Erucar et al. performed a computational study on meth-
otrexate and 5-FU uptake in MOF-74 in the absence of solvent.15

Bernini et al. employed GCMC simulations to study the
adsorption of IBU in a series of bio-compatible MOFs.24 In the
computational studies performed in the absence of solvent,
drug adsorption is oen overestimated compared to experi-
ment, which uses solvent to dissolve and adsorb drugs inMOFs.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Textural properties of the selected MOFs. The simulated uptake data is collected at 300 K and 105 Pa, similar to experimental conditions
in the presence of ethanol

Calculated
void
volume
(cm3 g�1)

Calculated pore-cavity
size (�A)

Calculated
surface
area (m2 g�1)

Experimental
surface
area (m2 g�1)

Literature reported surface area
(m2 g�1)

Literature reported void
volume (cm3 g�1)

HKUST-1 0.9066 5.1, 10.6, 12.2 2365 1830 1507 (ref. 36), 1843 (ref. 37),
1600 (ref. 38), 1740 (ref. 39)

0.75 (ref. 40), 0.79 (ref. 41)

NH2-MIL-
53(Al)

0.6272 6.36 1395 725 675 (ref. 42), 712 (ref. 43), 947
(ref. 44)

0.83 (ref. 45)

UiO-AZB 1.4057 10.8, 11.9, 13.7 3692 1959 903–2687 (ref. 32) —
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The differences are attributed to experimental limitations, such
as the non-accessibility of the cavities and poor activation of the
MOF samples.13 However, Proenza et al. performed GCMC
simulations to study adsorption of 5-FU and caffeine (CAF) in
ZIF-8 analogs, and identied that the lack of consideration for
solvent and surface effects in adsorption study contributes
majorly towards the overestimation of drug adsorption.29
Result and discussion

Motivated by elucidating the importance of solvent on drug
adsorption in MOFs at the molecular-level, we performed
a combined computational and experimental study of drug
adsorption in MOFs in the presence of explicit solvent. Specif-
ically, we employ GCMC simulations to study adsorption of 5-
FU, IBU, and HU in three MOFs of interest, namely, HKUST-1,
NH2-MIL-53 and UiO-AZB in the presence of ethanol. HKUST-
1 and NH2-MIL-53 were selected because of their established
biocompatibility and wide-use throughout the literature.30,31

UiO-AZB is a light-responsive framework developed in our lab
that shows promise as a versatile drug delivery vehicle.32 Tables
S1–S3 and Fig. S1 in Section S1† discuss details on drug and
solvent molecules used in our study. Table 1 summarizes the
textural properties of these MOFs and a detailed computational
and experimental methodology used to calculate the properties
is listed in Section S2 of the ESI.† The molecular-level structures
of all three MOFs and force-eld parameters are shown in
Fig. S2 and Tables S5–S7 in the ESI.† As can be seen from Table
1, the calculated surface area for all three MOFs is higher than
experimental measurements. This is expected, as simulations
are performed on perfect crystalline frameworks and do not
Table 2 Maximum simulated uptake in the absence and presence of e
HKUST-1, NH2-MIL-53 and UiO-AZB

Maximum simulated uptake in
the presence of ethanol (mg g�1)

Maximum s
the absence

5-FU IBU HU 5-FU

HKUST-1 174.7 86.1 564.2 886.9
NH2-MIL-53(Al) 36.4 23.3 221.6 502.8
UiO-AZB 397.8 238.6 1071.9 1534.3

© 2021 The Author(s). Published by the Royal Society of Chemistry
account for defects.33 The differences in pore volume can be
accounted for with scaling factors that reconcile experimental
and simulated adsorption.33,34 In addition, Epley et al. high-
lights differences in the experimental and theoretical surface
area observations in UiO-AZB, which can be due to the intro-
duction of macroporosity within the samples.32 The pore size
distribution (PSD) suggests that the HKUST-1, NH2-MIL-53, and
UiO-AZB are microporous (pore size upto 20 �A).35 More details
on PSD calculations can be found in the ESI, Section S2.†

To probe the effect of solvent, we performed GCMC simu-
lations in the absence and presence of ethanol. Table 2 lists the
maximum drug uptake calculated with GCMC simulations and
experimentally measured at 300 K and 1 atm. To study drug
adsorption in the presence of ethanol, initially, GCMC simula-
tions were performed to evaluate the number of ethanol mole-
cules adsorbed in theMOFs at 1 bar and 300 K for 500 000 steps.
The adsorption of ethanol in HKUST-1, NH2-MIL-53 and
UiOAZB was found out to be 509.1 (mg g�1), 296.67 (mg g�1) and
920.45 (mg g�1), respectively. This corresponds to 107 mol uc�1,
5.75 mol uc�1 and 183 mol uc�1 in HKUST-1, NH2-MIL-53 and
UiOAZB, respectively. The number of molecules of ethanol ob-
tained from these simulations were used as a starting number
of molecules in initial conguration for drug adsorption studies
in the presence of ethanol. During these two components (both
drug and ethanol) simulations, equal probabilities of both
molecules for insertion, deletion, translation, and rotation were
used. These simulations were also performed at 300 K for
1 500 000 steps. This process here is referred to as the simula-
tions in presence of ethanol. More details on computational
methods are discussed in Section S3 of the ESI.† In the absence
of ethanol in GCMC simulations the uptake of 5-FU, IBU and
thanol compared to our experimental uptake of 5-FU, IBU and HU in

imulated uptake in
of ethanol (mg g�1) Maximum experimental uptake (mg g�1)

IBU HU 5-FU IBU HU

1118.7 943.2 150 � 10 130 � 20 300 � 70
466.6 510.9 190 � 90 100 � 10 440 � 150

1660.3 1620.3 120 � 20 180 � 40 290 � 20

RSC Adv., 2021, 11, 17064–17071 | 17065
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HU in Cu–BTC was 886.86 mg g�1, 1118.73 mg g�1 and
943.22 mg g�1, respectively. In presence of ethanol, the
maximum simulated uptake of 5-FU, IBU and HU in HKUST-1
decreased to 174.7 mg g�1, 86.05 mg g�1, and 564.21 mg g�1,
respectively, suggesting that solvent occupies MOF pores during
drug loading. The results are in qualitative agreement with our
drug loading experiments, performed in the presence of ethanol
that showed the maximum adsorption of 150 � 10 mg g�1, 130
� 20 mg g�1 and 300 � 70 mg g�1 for 5-FU, IBU and HU in
HKUST-1, respectively. For NH2-MIL-53 the maximum simu-
lated uptake of 5-FU, IBU and HU in the absence of ethanol was
Fig. 1 Snapshots of adsorbed 5-FU molecules in (a) and (b) HKUST-1, (c)
ethanol (right). (5-FU is represented in red and ethanol in green).

17066 | RSC Adv., 2021, 11, 17064–17071
502.77 mg g�1, 466.59 mg g�1 and 510.92 mg g�1, respectively.
However, in the presence of ethanol the uptake was
36.43 mg g�1, 23.32 mg g�1 and 221.61 mg g�1, respectively. In
the experiments, uptake of 5-FU, IBU and HU in NH2-MIL-53
was 190 � 90 mg g�1, 100 � 10 mg g�1 and 440 � 150 mg
g�1, which was signicantly higher to that of calculated
adsorption in our GCMC simulations. We attribute the higher
adsorption to the breathing behavior of NH2-MIL-53, which can
be controlled and instigated by adsorbate loading.46–50 Thus,
due to its breathable nature, in our experiments, the pores in
NH2-MIL-53 might open in the presence of ethanol and drug
and (d) NH2-MIL-53, (e) and (f) UiO-AZB without ethanol (left) and with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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molecules, resulting in higher adsorption of drug molecules
compared to our simulations, which do not account for
breathability.46

In the case of UiO-AZB, in GCMC simulations performed in
the absence of ethanol, the uptake of 5-FU, IBU and HU was
1534.32 mg g�1, 1660.26 mg g�1 and 1620.30 mg g�1, respec-
tively. On the other hand, in the presence of ethanol adsorption
decreased to 397.78 mg g�1, 238.65 mg g�1, and 1071.89 mg g�1,
respectively. In our experiments, the uptake of 5-FU, IBU and
HU in UiO-AZB was 120 � 20 mg g�1, 180 � 40 mg g�1, and 290
� 20 mg g�1, respectively. Experimentally, to access the larger
interior pore (ca. 13.7�A) of UiO-AZB, drug molecules must rst
diffuse through the smaller exterior pores (ca. 11.9 �A and 10.8
�A). However, diffusion of larger IBU molecules compared to
smaller ethanol can be hindered as IBU may block the entrance
for the larger interior pore.32 In addition, in presence of ethanol,
displacing ethanol in these pores becomes intricate in the
experiments.29 In GCMC simulations, however, all the pores are
accessible to drug molecules, which may result in quantitatively
higher adsorption than experiments. To further investigate the
origin of the notably higher adsorption of 5-FU, IBU, and HU in
UiO-AZB, in our GCMC simulations, we calculated the number
of drug molecules adsorbed in different pores. We found that
13.7 �A sized (interior) pore adsorbed 7.21 molecules of IBU,
while the exterior pores had 4.8 IBU molecules. Adsorption in
the exterior pores accounts for the 109.15 (mg g�1) adsorption
and is�40% lower compared to our experimental adsorption of
IBU in UiO-AZB. This higher adsorption in experiments can be
attributed to the stronger interaction of the carboxylic group
Fig. 2 Radial distribution functional (RDF) analysis of selected atoms of
HKUST-1, (b) NH2-MIL-53 and (c) UiO-AZB.

© 2021 The Author(s). Published by the Royal Society of Chemistry
with the defect sites on the zirconium nodes of the UiO-AZB in
our experiments.51,52 Similarly, the adsorption of 5-FU and HU
in the exterior pores was 8.59 and 72.86 molecules accounting
for 121.92 mg g�1 and 605.41 mg g�1. Thus, the adsorption of 5-
FU and HU is within 2% and 110% to that of experimentally
measured adsorption, respectively. This further suggests that
the both 5-FU and HU might have been only adsorbed in the
exterior pores of UiO-AZB in our experiments.

In general, maximum uptake capacity for all three drugs
follows the trend HU > 5-FU > IBU, which can be attributed to
their size. The smaller sized molecules (e.g. HU) are adsorbed
more readily compared to the larger sized molecules (e.g. IBU).
To further investigate the drug adsorption sites in the MOFs, we
visually inspected the simulation trajectories. The snapshots
shown in Fig. 1 suggest that in the presence of ethanol, the
preferential site for drug adsorption is the interface between
ethanol and MOF, while ethanol is adsorbed at the core of the
MOF pores. In the absence of solvent, drug molecules can also
be adsorbed at the core of MOF pores. We found that the
smallest pore of HKUST-1 (ca. 5 �A) is occupied by only smaller
molecules like ethanol, HU and 5-FU. In general, drugs are
strongly conned in the one-dimensional pore of NH2-MIL-53
as shown in Fig. 1(c) and (d).

To quantify the atomic-level structure and local arrangement
of specic atoms of drugs and solvent in MOFs, we performed
radial distribution function (RDF) analysis.53,54 Fig. 2(a)–(c)
show the RDF of metal atoms in HKUST-1, NH2-MIL-53 and
UiO-AZB, respectively, with selected atoms of 5-FU (oxygen,
nitrogen and uorine), IBU (all atoms of carboxylic group) and
drugs (i) 5-FU, (ii) IBU and (iii) HU with unsaturated metal sites of (a)

RSC Adv., 2021, 11, 17064–17071 | 17067
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HU (nitrogen and oxygens). See ESI Fig. S1† for the denition/
names of drug atoms. The rst peak for Cu–O1, Cu–N2, and
Cu–F1 pairs appears at 2.89 �A, 3.59 �A, and 3.54 �A, respectively
(Fig. 2(a)(i)). The distances suggest a stronger structural corre-
lation of Cu with O1 atoms compared to with N2 and F1 atoms
of 5-FU. Indeed, Cu metal atoms are expected to bind stronger
to more polar oxygen sites (i.e., the O1 of 5-FU).55 Similarly,
peaks for IBU and HU suggest a stronger correlation between
Cu–OH_ib and Cu–O2 pairs, respectively (Fig. 2(a)(ii) and (iii)),
suggesting stronger binding of hydroxyl groups with the copper
metal sites.

In the case of NH2-MIL-53, a strong structural correlation
between Al and –NH sites (N2 atom of 5-FU) is apparent
compared to the correlations between Al and F1 and between Al
and O1 atoms of 5-FU (Fig. 2(b)(i)). A stronger affinity of –COOH
group of IBU and –NH2 group of HU with Al of NH2-MIL-53 can
be observed from their RDFs. Similarly, for UiO-AZB the Zr has
stronger structural correlation with O1 compared to the F1 and
N2 of 5-FU (Fig. 2(c)(i)). The carboxylic group of IBU didn't show
any structural correlation with the Zr metal sites, which could
be because Zr is not exposed in UiO-AZB.56,57 However, the Zr
metal site shows strongly ordered structure with –NH2 groups of
HU (Fig. 2(c)(iii)), thus exhibiting strong affinity towards it. The
1st peak distances of drug atoms with MOF follows the order
HKUST-1 > NH2-MIL-53 > UiO-AZB, which can be accredited to
the decreasing order of exposure of unsaturated metal atoms of
MOFs.32,58,59 Fig. S22 and S23 of ESI† describes the RDF of
selected atoms of drugs with oxygen and nitrogen present in the
MOF structures. Here, we observe that atom-pairs that have the
Fig. 3 Adsorption isotherm of the drugs in the presence (red triangles) an
(c) UiO-AZB. Adsorption of ethanol is also shown (green triangles).

17068 | RSC Adv., 2021, 11, 17064–17071
potential to form hydrogen bonds have stronger structural
correlations as compared to RDFs with unsaturated metal sites
in the MOF.24 For example, the oxygen atoms of drugs and
nitrogen in the –NH2 functional groups in MOF can serve as
hydrogen bond donors and acceptors, respectively, resulting in
strong structural correlations.60,61

Further, the RDFs calculated for drugs in absence of ethanol
show larger intensities of second and third peaks as in Fig. S24
of ESI,† which suggests that the most of the drugs are adsorbed
in an empty pore volume. More details on structural correla-
tions can be found out in Section S4 of ESI.†

The adsorption isotherms of drugs, the knowledge of
preferred drug adsorption sites and the effect of solvent on drug
adsorption at a range of different pressures still remains
unexplored. Both temperature and pressure is known to play an
important role in both drug solubility in a solvent as well as in
its loading and drug release.62,63 The study of dependence of
drug uptake on pressure is important as it may allow us to tune
the amount of drug adsorbed in MOFs by simply tuning the
surrounding pressure.62 As we have used three MOFs and three
drugs with different stability and solubility, respectively, we
have used a wide range of pressure to study drug adsorption.
Specically, we calculated adsorption isotherms in the external
pressure range of 10�12 to 106 pascal at 27 �C in presence and
absence of ethanol using GCMC simulations. These results are
shown in Fig. 3. At atmospheric pressure, drug adsorption, in
the presence of ethanol, follows the following trend: UiO-AZB >
HKUST-1 > NH2-MIL-53, which is consistent with the PSD
results, surface area, and surface chemistry of MOFs. In general,
d absence (blue squares) of ethanol in (a) HKUST-1, (b) NH2-MIL-53 and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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at high pressure (>102 Pa), drug adsorption in all frameworks is
higher in the absence of ethanol. As we increase the external
pressure in simulations in the presence of ethanol, adsorption
of drug molecules decreases while ethanol increases. Interest-
ingly, at low pressures (<10�2 Pa), adsorption of drug molecules
is similar in the presence and absence of ethanol. The
phenomenon is attributed to stronger drug–MOF electrostatic
interactions compared to drug–solvent interactions at low
pressures.24 IBU in HKUST-1 was adsorbed at lower pressure
compared to both 5-FU and HU, which can be attributed to the
stronger electrostatic interactions between IBU and HKUST-1.
All three selected drugs were adsorbed in NH2-MIL-53 at
reasonably lower pressures, which can be attributed to its
smaller pore size and strong electrostatic interactions through
the –NH2 functional group. Due to stronger electrostatic inter-
actions between 5-FU and IBU with UiO-AZB, they are both
adsorbed at lower pressures compared to HU. In general, NH2-
MIL-53 starts adsorbing all three drug molecules at lower
pressure compared to UiO-AZB and HKUST-1. This could be
because in addition to the electrostatic interactions, NH2-MIL-
53's smaller pore size can also play a signicant role in
enhancing drug adsorption.64

The host–adsorbate energy (UHA) can be amajor contributing
factor in determining the adsorption of adsorbate drug and
solvent molecules in MOFs.29 The total potential energy of drugs
in a MOF (i.e., total sum of host–adsorbate and adsorbate–
adsorbate energy) regulates the drug entrapment and release
mechanism.24 Therefore, by using the production run of the last
500 000 GCMC cycles, we calculated UHA for all the systems at all
simulated pressures as presented in Fig. 4. In general, UHA

decreases with increase in the number of adsorbate molecules
in a MOF. In the case of all MOFs, the UHA decreases with
Fig. 4 Host (MOF)–adsorbate (drug + ethanol) interaction energy (UHA)

© 2021 The Author(s). Published by the Royal Society of Chemistry
increasing pressure up to a certain value, and then it remains
almost constant before and aer the ethanol molecules are
adsorbed in the MOFs. However, in all MOFs, at higher pres-
sures adsorption of ethanol molecules increases compared to
drug molecules, resulting in higher contribution of ethanol–
MOF interactions in UHA. At these high pressures the host–
adsorbate interaction energy for all three MOFs follows the
trend HU + ethanol < 5-FU + ethanol < IBU + ethanol. This could
be because, at high pressure, adsorption is dependent on the
size of adsorbate molecules, and as HU is the smallest among
all three drugs, more HU molecules are adsorbed.65–68 As ex-
pected, UHA was zero when no drug was adsorbed in HKUST-1
and UiO-AZB. However, for NH2-MIL-53 a non-zero UHA was
observed at the lowest calculated pressures, which was attrib-
uted to the non-zero drug adsorption. Specically, for HU with
NH2-MIL-53, the lower pressure range (<10�8 Pa) shows larger
peaks despite similar drug adsorption, which can be attributed
to preferential electrostatic interactions within drugs and
smaller pore size MOF.24 Moreover, despite the decrease in the
adsorption of drugs at higher pressures (>104 Pa), the energy
uctuates around a certain constant value, indicating that
ethanol–MOF energy contribution in UHA increases at higher
pressure. For all three drugs, both at low and high pressures,
the general trend of interaction energy is as follows: NH2-MIL-
53 < UiO-AZB < HKUST-1. Indeed, at low pressure the number
of drug molecules adsorbed in NH2-MIL-53 is higher compared
to the other two MOFs. This can be attributed to stronger
interactions between NH2-MIL-53, and drug and ethanol
molecules due to its smaller pores.24 However, at high pressure
the number of drug molecules adsorbed in MOFs is as follows:
UiO-AZB > HKUST-1 > NH2-MIL-53, suggesting that adsorption
increases with increase in MOFs pore size.
of all systems understudy.
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Conclusions

A combined computational and experimental study aimed to
unravel the effect of solvent on drug adsorption in MOFs was
carried out. We performed GCMC simulations to study
adsorption of 5-FU, IBU and HU in UiO-AZB, HKUST-1 and NH2-
MIL-53 MOFs in the presence and absence of ethanol at a range
of pressures. Drug adsorption in the absence of ethanol was
signicantly overestimated when compared to experimental
results. In the presence of ethanol, simulated adsorption
showed better agreement with our experimentally measured
drug adsorption at 300 K and 105 Pa. In general, at high pres-
sures, the maximum uptake capacity for all MOFs, in the pres-
ence and absence of ethanol, was proportional to the size of the
drug, with HU showing consistently higher adsorption than 5-
FU and IBU.We also found that in the presence of ethanol at 105

Pa, drug molecules are adsorbed at the interface of MOF and
ethanol through stronger structural correlation with the MOF
metal atoms. In the absence of ethanol, however, drugs can be
adsorbed inside the MOF pores. Interestingly, at lower pres-
sures (<10�4 Pa) drug adsorption in the presence and absence of
solvent was driven by electrostatic interactions between drugs
and MOFs. As a result, solvent plays a critical role in the drug
adsorption at atmospheric pressure while it does not have any
impact at lower pressures. The host–adsorbate interaction (UHA)
energy was affected by the drug size, MOF pore diameter, and
simulated pressure. At low pressure, with decrease in pore size
and increase in drug size UHA decreases. On the other hand, at
high pressure, UHA decreases up to a certain value and then
stabilizes, which also decreases with the pore size while the
adsorption of drug molecules increases. Our study implies that
solvent is very critical in adsorption of small molecules in
porous materials and the impact of solvent on small molecules
should be considered when designing new materials investi-
gation, both experimentally and computationally.
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C. Serre, G. Férey, S. Bourrelly and P. L. Llewellyn, Chem.
Commun., 2007, 3291.

48 L. Hamon, H. Leclerc, A. Ghou, L. Oliviero, A. Travert,
J.-C. Lavalley, T. Devic, C. Serre, G. Férey, G. De Weireld,
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