
Journal of Molecular Modeling
 

Computational Studies on Binding, Solvent, and pH Effects on S-propranolol and
Methacrylic Acid Complex.

--Manuscript Draft--
 

Manuscript Number: JMMO-D-20-00861R1

Full Title: Computational Studies on Binding, Solvent, and pH Effects on S-propranolol and
Methacrylic Acid Complex.

Article Type: Original paper

Keywords: S-propranolol;  MAA;  Molecularly Imprinted Polymers;  pH;  IR spectra;  solvent study

Corresponding Author: Julia Saloni, Ph.D.
Jackson State University
Jackson, MS UNITED STATES

Corresponding Author Secondary
Information:

Corresponding Author's Institution: Jackson State University

Corresponding Author's Secondary
Institution:

First Author: Julia Saloni, PH.D.

First Author Secondary Information:

Order of Authors: Julia Saloni, PH.D.

Shaurya Swami, Bachelor's degree in Chemistry

Karina Kapusta, Ph.D.

Glake A Hill, Ph.D.

Order of Authors Secondary Information:

Funding Information: National Science Foundation
(EPSCoR (grant # OIA – 1757220))

Dr. Julia Saloni

Abstract: Density functional theory methods have been applied to understand binding of s-
propranolol, a template, to a methacrylic acid molecule acting as a functional monomer
using basic 1:1 model. The model has been expanded to study an effect various pH by
adding hydronium and hydroxide ions to the template-monomer system, to mimic
acidic and basic environments, respectively. This could be considered as a model
study towards a potential use of molecular imprinting method for the design of a
transdermal patch for a topical and direct delivery of s-propranolol to hemangiomas. In
addition, this study provides detailed binding sites analysis of the template and
functional monomer verified by the theoretical IR spectra analysis, as well as solvent
and pH effects on template-monomer binding energy.

Response to Reviewers: February 26, 2021
Manuscript ID:  JMMO-D-20-00861

To the Editor of the Journal of Molecular Modeling

Dear Professor Clark,

Please find attached revision of the manuscript entitled “Computational Studies on
Binding, Solvent, and pH Effects on (S)-propranolol and Methacrylic Acid Complex” by
Shaurya Swami, Karina Kapusta, Glake A. Hill, and Julia Saloni resubmitted to the
Journal of Molecular Modeling.

Authors would like to thank the reviewers for their insightful comments and note that
the manuscript have been revised according to reviewers’ suggestions. Please see
below for the answers to the reviewers’ comments:

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Reviewer 1:

Comment 1: Consider changing "…however, no theoretical study…" to "…however, to
the best of our knowledge, no theoretical study…"
Reponse1: Suggested change has been made. Please see line 62.

Comment 2: Authors should use better functions such as M06-2X or wb97-xd that
incorporate dispersion energy instead of using B3LYP.
Response 2: Systems have been reoptimized using M06-2X functional. Please see
lines 93-96.

Comment 3: How is the Binding energy calculated?
Response 3: As shown in lines 111-112, binding energy, BE, has been calculated by
utilizing a formula:  〖BE=∆E〗_Complex-∆E_Template-∆E_Monomer

Comment 4: Is the BSSE taken into account?
Response 4: Yes, BSSE has been considered in the BE evaluation. Please see Table
2.

Comment 5: Provide more details about designed complexes.
Response 5: As requested authors expanded description of the designed complexes.
Please see lines: 107-112 and 131-146.

Reviewer 2:
Comment 1: Calculations have been performed with the B3LYP functional. The inability
of B3LYP and other GGA functionals to properly describe dispersive interactions is
well-known. For this reason, the state-of -the-art when computing interactions as such
described in the paper entail the use of dispersion-corrected functionals or adding
empirical corrections (as Grimme done) to the common GGA functionals (B3LYP-D3).
Calculations mut be redone (including optimization) with a functional including
dispersion effects.
Response 1: As requested by the Reviewer, presented systems have been
reoptimized using M06-2X functional that includes dispersive interactions. Please see
lines 93-96.

Comment 2: The influence of the pH has been modeled adding a hydronium (low pH)
or a hydroxide ion (high pH). It is not clear from the text if the solvent (water, I guess)
has been included or not in the optimization of these system (it must). In any case, this
is a crude model that overestimate the effect of these ions in the MAA-propanolol
complexes. The hydronium and hydroxide ions should be solvated by some water
molecules. Indeed, the authors have already found the presence of solvent molecules
in these complexes (see, for instance, Figure 14).
Response 2: The hydronium and hydroxide ions have been solvated by five water
molecules, as requested by the Reviewer. Please see lines:171-174; 178-179; and
212-213.

Comment 3: References 18, 19 and 20 are not quoted in the text.
Response 4:  References have been quoted within the text. Please see line: 94.

Comment 4: The number of solvents considered is five, not four (page 6).
Response 4: There are four solvents considered in the study DMSO is an acronym for
dimethyl sulfoxide. Please see lines: 118-119.
We hope that provided changes fully satisfied your concerns and queries. We are
thankful for the valuable comments which we hope made our research article more
valuable and understandable for the readers.
Thank you for your time and consideration.
Sincerely,
Dr. Julia Saloni on behalf of the other authors.

Jackson State University, MS, USA
Phone: +1 (601) 979-7137; Fax: +1 (601) 979-3674
E-mail: julia.m.saloni@jsums.edu
Homepage: https://www.jsums.edu/chemistry/dr-saloni/

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



         February 26, 2021 

Manuscript ID:  JMMO-D-20-00861 

 

To the Editor of the Journal of Molecular Modeling 

 

Dear Professor Clark, 

 

Please find attached revision of the manuscript entitled “Computational Studies on 

Binding, Solvent, and pH Effects on (S)-propranolol and Methacrylic Acid Complex” by 

Shaurya Swami, Karina Kapusta, Glake A. Hill, and Julia Saloni resubmitted to the 

Journal of Molecular Modeling. 

 

Authors would like to thank the reviewers for their insightful comments and note that the 

manuscript have been revised according to reviewers’ suggestions. Please see below for 

the answers to the reviewers’ comments: 

 

Reviewer 1: 

 

Comment 1: Consider changing "…however, no theoretical study…" to "…however, to 

the best of our knowledge, no theoretical study…" 

Reponse1: Suggested change has been made. Please see line 62. 

 

Comment 2: Authors should use better functions such as M06-2X or wb97-xd that 

incorporate dispersion energy instead of using B3LYP. 

Response 2: Systems have been reoptimized using M06-2X functional. Please see lines 

93-96. 

 

Comment 3: How is the Binding energy calculated? 

Response 3: As shown in lines 111-112, binding energy, BE, has been calculated by 

utilizing a formula:  𝐵𝐸 = ∆𝐸𝐶𝑜𝑚𝑝𝑙𝑒𝑥 − ∆𝐸𝑇𝑒𝑚𝑝𝑙𝑎𝑡𝑒 − ∆𝐸𝑀𝑜𝑛𝑜𝑚𝑒𝑟 

Response to reviewer's comments Click here to access/download;Response to reviewer's
comments;Cover_Letter JMM Response to the Reviewers

https://www.editorialmanager.com/jmmo/download.aspx?id=308806&guid=382492b6-4613-4287-abf6-b2e2bd5d8082&scheme=1
https://www.editorialmanager.com/jmmo/download.aspx?id=308806&guid=382492b6-4613-4287-abf6-b2e2bd5d8082&scheme=1


 

Comment 4: Is the BSSE taken into account? 

Response 4: Yes, BSSE has been considered in the BE evaluation. Please see Table 2. 

 

Comment 5: Provide more details about designed complexes. 

Response 5: As requested authors expanded description of the designed complexes. 

Please see lines: 107-112 and 131-146. 

 

Reviewer 2: 

Comment 1: Calculations have been performed with the B3LYP functional. The inability 

of B3LYP and other GGA functionals to properly describe dispersive interactions is well-

known. For this reason, the state-of -the-art when computing interactions as such 

described in the paper entail the use of dispersion-corrected functionals or adding 

empirical corrections (as Grimme done) to the common GGA functionals (B3LYP-D3). 

Calculations mut be redone (including optimization) with a functional including 

dispersion effects. 

Response 1: As requested by the Reviewer, presented systems have been reoptimized 

using M06-2X functional that includes dispersive interactions. Please see lines 93-96. 

 

Comment 2: The influence of the pH has been modeled adding a hydronium (low pH) or 

a hydroxide ion (high pH). It is not clear from the text if the solvent (water, I guess) has 

been included or not in the optimization of these system (it must). In any case, this is a 

crude model that overestimate the effect of these ions in the MAA-propanolol complexes. 



The hydronium and hydroxide ions should be solvated by some water molecules. Indeed, 

the authors have already found the presence of solvent molecules in these complexes (see, 

for instance, Figure 14). 

Response 2: The hydronium and hydroxide ions have been solvated by five water 

molecules, as requested by the Reviewer. Please see lines:171-174; 178-179; and 212-213. 

 

Comment 3: References 18, 19 and 20 are not quoted in the text. 

Response 4:  References have been quoted within the text. Please see line: 94. 

 

Comment 4: The number of solvents considered is five, not four (page 6). 

Response 4: There are four solvents considered in the study DMSO is an acronym for 

dimethyl sulfoxide. Please see lines: 118-119. 

We hope that provided changes fully satisfied your concerns and queries. We are thankful 

for the valuable comments which we hope made our research article more valuable and 

understandable for the readers. 

Thank you for your time and consideration. 

Sincerely, 

Dr. Julia Saloni on behalf of the other authors. 

 

Jackson State University, MS, USA 

Phone: +1 (601) 979-7137; Fax: +1 (601) 979-3674 



E-mail: julia.m.saloni@jsums.edu  

Homepage: https://www.jsums.edu/chemistry/dr-saloni/ 

 

 
 

mailto:julia.m.saloni@jsums.edu
https://www.jsums.edu/chemistry/dr-saloni/


1 

Computational Studies on Binding, Solvent, and pH Effects on (S)-propranolol and Methacrylic 1 

Acid Complex. 2 

 3 

Julia Saloni*, Shaurya Swami‡, Karina Kapusta, and Glake A. Hill 4 

 5 

 6 

‡undergraduate student 7 

*corresponding author email: julia.m.saloni@jsums.edu,  ORCID ID 0000-0003-3995-2909 8 

 9 

Department of Chemistry, Physics and Atmospheric Sciences 10 

Jackson State University, Jackson MS, USA 11 

 12 

Declarations: 13 

Funding: The NSF EPSCoR (grant # OIA – 1757220) and an HBCU-SAFRA title III grant 14 

project 2018-2019. 15 

Conflicts of Interest/Competing Interests: The authors confirm that there are no known 16 

conflicts of interest associated with this publication. 17 

Ethics approval: Not applicable.  18 

Consent to participate: Not applicable. 19 

Consent for publication: All the co-authors are aware of and approve of the submission of the 20 

article to the Journal of Molecular Modeling. 21 

Availability of Data and Material: The authors confirm that data and materials associated with 22 

his publication is available upon request. 23 

Code Availability: Not applicable. 24 

Author’s Contributions. 25 

S. Swami: calculations and literature study. 26 

Revised Manuscript Click here to access/download;Manuscript;Saloni JMM-February
2021 Revised.docx

Click here to view linked References

mailto:julia.m.saloni@jsums.edu
https://www.editorialmanager.com/jmmo/download.aspx?id=308801&guid=39d1b6be-a281-4826-9544-2e0f25cb21cc&scheme=1
https://www.editorialmanager.com/jmmo/download.aspx?id=308801&guid=39d1b6be-a281-4826-9544-2e0f25cb21cc&scheme=1
https://www.editorialmanager.com/jmmo/viewRCResults.aspx?pdf=1&docID=15074&rev=1&fileID=308801&msid=7dfd08a2-72d8-4d4e-a274-72b13726f0f3


2 

K. Kapusta: MEP calculations and visualization and IR spectra analysis. 27 

G. A. Hill: editorial and language corrections. 28 

J. Saloni: calculations, data analysis, manuscript preparation. 29 

Abstract 30 

Density functional theory methods have been applied to understand binding of (s)-propranolol, a 31 

template, to a methacrylic acid molecule acting as a functional monomer using basic 1:1 model. 32 

The model has been expanded to study an effect various pH by adding hydronium and 33 

hydroxide ions solvated by water molecules to the template-monomer system, to mimic acidic 34 

and basic environments, respectively. This could be considered as a model study towards a 35 

potential use of molecular imprinting method for the design of a transdermal patch for a topical 36 

and direct delivery of (s)-propranolol to hemangiomas. 37 

In addition, this study provides detailed binding sites analysis of the template and functional 38 

monomer verified by the theoretical IR spectra analysis, as well as solvent and pH effects on 39 

template-monomer binding energy. 40 

 41 

Key words: S-propranolol, MAA, Molecularly Imprinted Polymers, pH, IR spectra, solvent study 42 

 43 

 44 

Introduction 45 

Propranolol [1] is a commonly used substance to treat high blood pressure. It has also been 46 

found to significantly reduce the size of infantile hemangiomas, commonly known as birth marks 47 

or strawberries [2]. Hemangiomas in infants possess certain dangers to the child due to their 48 

rapid growth and unfavorable locations such as on the eyelid or nose where they can limit vision 49 

or obstruct the airways. Typical propranolol treatment requires oral administration of the drug. 50 

However, there are several serious side effects present with this type of drug delivery such as 51 

low blood pressure, slow heart rate, over reactivity of the airways and low blood sugar levels [3]. 52 
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Since hemangiomas are local grows of blood vessels it would be preferred to administer 53 

medication locally, to prevent mentioned above side effects. Topical ointments may not be the 54 

best option for the young patients, since they need to be frequently reapplied to ensure delivery 55 

of the required dosage of the medication. Additionally, ointments can be easily wiped off or 56 

spread to another, undesired, areas of the body, such as the eyes. Because of that, we propose 57 

another way for the topical delivery of propranolol-via a transdermal patch. A transdermal patch 58 

is, in essence, a sophisticated band-aid saturated with desired medication that is slowly 59 

released to the body. Several experimental studies have been conducted to synthesize the 60 

transdermal patch [4-7]; however, to the best of our knowledge, no theoretical study has been 61 

performed on that subject. We propose that (s)-propranolol would first be encapsulated within a 62 

polymeric matrix, then, after application on the changed tissue, it will slowly be released directly 63 

to the hemangioma.  64 

Polymeric matrix that encapsulates (s)-propranolol can be synthesized by application of 65 

molecular imprinting method. Molecularly imprinted polymers, MIP, are designer polymers that 66 

allows preparation of polymer matrix containing very specific, target oriented cavities [8]. Target, 67 

a molecule of interest, is non-covalently bonded to the cavity made of functional monomers and 68 

crosslinking agents. MIPs are used for a variety of applications that include selective extraction 69 

[9], detection of dangerous substances or analytical separation, just to name a few [10].  70 

In recent years molecularly imprinted polymers are used for selective drug delivery [11]. 71 

Alizadeh et al. [12] published a combined experimental and theoretical work on a new chiral 72 

functional monomer for the synthesis of MIP for racemic propranolol. Haginaka and Sakai [13] 73 

reported very detailed experimental study on molecularly imprinted material for (s)-propranolol. 74 

In their work, methacrylic acid and ethylene glycol dimethacrylate, MAA-EDMA, based material 75 

was reported as the best for molecular imprinting (s)-propranolol due to its enantioselective 76 

recognition properties.  77 
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In our research, we propose the use of material based on molecularly imprinted (s)-propranolol 78 

in transdermal patch that could deliver (s)-propranolol directly to the changed skin tissues 79 

caused by hemangiomas, the delivery method that could significantly reducing existing side 80 

effects on human organism [14] 81 

Presented work, utilizes basic computational model of MAA-(s)-binding scheme to the (s)-82 

propranolol that includes recognition of the binding sites as well as the solvent effect on 83 

template-MAA interactions [15]. This computational approach can not only be used to study 84 

monomer template systems but also can be applied for basic analysis of variety organic-solvent 85 

systems, such as dye-solvent complexes. 86 

Additionally, to the basic study we have extended our simple model to study interactions 87 

between template and monomer caused by acidic and basic environment by introducing 88 

hydronium and hydroxide ions to the interacting system. 89 

 90 

Methodology 91 

Methods and Basis Sets. This study has been performed using Density Functional Theory 92 

Methods [16-19] with the application of B3LYP hybrid functional [20] and M06-2X hybrid meta 93 

exchange-correlation functional [21] combined with standard gaussian basis set that includes 94 

polarization functions. Combination of B3LYP functional with 6-31G (d,p) basis set [22] has 95 

been proven to be sufficient for basic MIP calculations, and provides satisfactory results with the 96 

minimum computational cost [23, 24]. Additionally, all optimizations have been recalculated with 97 

M06-2X functional to incorporate dispersion effects on studied systems. Counterpoise 98 

corrections [25] has been applied to binding energy between monomer and template calculated 99 

utilizing both B3LYP and M06-2X functionals. Solvent study calculations have been conducted 100 

with the conductor-like polarizable continuum model, CPCM [26]. Charge distribution has been 101 

performed by using NBO analysis [27]. All the calculations have been performed utilizing 102 

Gaussian 09 suite of programs [28]. 103 
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Basic Model.  Basic model consists of one methacrylic acid monomer interacting with one (s)-104 

propranolol template molecule. This model has been developed and validated in our previous 105 

studies on DNT and TNT imprinting [15, 23]. Four different binding sites on (s)-propranolol have 106 

been evaluated in order to find the complex with the largest binding energy. Out of the four 107 

possible binding positions, that have been analyzed, the energetically preferred one is located 108 

near secondary amine and hydroxyl groups of (s)-propranolol, as shown in Figure 3. There is no 109 

observed binding activity between monomer and template on naphthalene ring of (s)-110 

propranolol. 111 

Binding energy, BE, has been calculated by utilizing a formula: 112 

𝐵𝐸 = ∆𝐸𝐶𝑜𝑚𝑝𝑙𝑒𝑥 − ∆𝐸𝑇𝑒𝑚𝑝𝑙𝑎𝑡𝑒 − ∆𝐸𝑀𝑜𝑛𝑜𝑚𝑒𝑟 113 

Basis set superposition error, BSSE, has been included into the binding energy value for the 114 

gas phase calculations and presented in Table 2. 115 

Proposed model provides detailed structural, and binding characteristics in a gas phase as well 116 

as includes solvent studies completed for the following solvents: chloroform, dimethyl sulfoxide 117 

(DMSO), ethyl alcohol, and water. Theoretical IR spectra analysis of the MAA, the template and 118 

template-MAA system has been completed.  119 

Additionally, to mimic skin surface environment, moist and acidic, and to study influence of the 120 

low pH on template-monomer binding, hydronium ion, solvated with five water molecules, has 121 

been introduced to the basic model.  122 

To provide the complete picture of pH effects on (s)-propranolol-MAA binding scheme, studies 123 

have been extended by analysis of the impact of the high pH on the template-monomer binding 124 

by introducing hydroxide ion, solvated with five water molecules, to the basic model. All 125 

structural changes caused by the change of the pH, have been observed, described, and 126 

verified by calculated IR spectra. 127 

All calculations have been performed with no symmetry constraints. 128 

 129 
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Results and Discussion 130 

Binding of MAA to (S)-propranolol. 131 

Four possible binding sites for MAA monomer on (s)-propranolol template have been evaluated 132 

to find the lowest energy system. Investigation shows that MAA prefers to bind to the aliphatic 133 

chain of the template and it omits aromatic naphthalene ring. Studied complex, optimized at 134 

both B3LYP and M06-2X levels of theory (where an Asterix * indicates M06-2X method) is 135 

formed through two hydrogen bonds. First hydrogen bond is connecting amino group of (s)-136 

propranolol with carbonyl group of MAA, while second links hydroxyl group of (s)-propranolol 137 

with hydroxyl group of methacrylic acid. 138 

As shown in Table 1 and Figure 1, the bonding distances are reported as 2.21 Å (2.25 Å*) and 139 

1.71 Å (1.66 Å*) for corresponding N-H…O=C and O-H…O-H hydrogen bonds. M06-2X 140 

calculations shows N-H…O=C to be slightly elongated by 0.04 Å, while O-H…O-H is shortened 141 

by 0.05 Å, when compared to B3LYP results. The pure hydrogen bonding interactions between 142 

(s)-propranolol and MAA, without presence of solvent, amounts 16.03* kcal/mol and 13.77 143 

kcal/mol for M06-2X and B3LYP, respectively. Total binding energy between monomer and 144 

template has been corrected by applying basis set superposition error, BSSE, calculated in the 145 

gas phase. BSEE lowers the binding energy to 14.06* kcal/mol and 11.67 kcal/mol for M06-2X 146 

and B3LYP calculations, respectively. 147 

Addition of the solvent to the interacting system lowers the binding energy between (s)-148 

propranolol and MAA. Binding energies listed in Table 2 shows the decreasing trend of the 149 

binding energy value calculated with the presence of solvent.  Additional computations revealed 150 

that, interestingly, both water and ethanol position themselves in between methacrylic acid and 151 

the (s)-propranolol forming a direct hydrogen bonding to both. As a result, no direct hydrogen 152 

bonding between MAA and (s)-propranolol can be observed (see supporting materials Figure 14 153 

and 15).  154 
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Theoretical IR spectra for studied systems in gas phase have been calculated with both M06-2X 155 

and B3LYP functionals. Spectra obtained with the use of both methods are similar in trends, the 156 

differences are seen with a slight shift of the peaks but not with their intensities. As shown in 157 

Figure 6, calculated IR spectrum confirms binding between MAA and (s)-propranolol.  Figures 4 158 

and 5 present calculated spectra of isolated MAA and (s)-propranolol molecules, respectively. 159 

Comparison of the calculated spectra of monomer, template and complex, leads to the following 160 

observations: there is a slightly increased intensity of the vC=O (MAA), vNH ((s)-propranolol), 161 

and vOH ((s)-propranolol) peaks, and a significant increase with intensity of the vOH (MAA) in 162 

the spectrum of the complex. Mentioned above peaks represent C=O…N-H and O-H…OCH 163 

hydrogen bonding within the complex. It can also be observed that those characteristic peaks 164 

are shifted towards lower frequency when compared to the spectra of pure MAA and (s)-165 

propranolol. 166 

Effect of the pH. 167 

Low pH. The (s)-propranolol-MAA complex has been introduced to the acidic environment, by 168 

addition of the hydronium ion, H3O+, initially located above the hydrogen bonds formed by (s)-169 

propranolol and MAA molecules. After the full optimization of the system, at B3LYP and M06-2X 170 

levels, performed with the presence of five water molecules, hydronium ion relocates to the 171 

position in between the (s)-propranolol and MAA molecules, additionally a single proton transfer 172 

is observed, as shown in Figure 7. The transfer occurs between hydrogen from the H3O+ ion 173 

and nitrogen of the N-H group of (s)-propranolol. A proton from the hydronium ion is attracted by 174 

the lone electron pair located on nitrogen on (s)-propranolol molecule. Newly formed H2O 175 

molecule becomes a part of a hydrogen bonding network within (s)-propranolol and MAA 176 

system. Calculation shows that the five waters of solvation do not participate in the proton 177 

transfer. As shown in Figure 7, there are four hydrogen bonds in the product of the (s)-178 

propranolol-MAA + H3O+ reaction: two direct hydrogen bonds between (s)-propranolol and MAA 179 

(N-H…O=C and CHO…HO with the distances of 2.20Å and 1.77Å respectively), and two 180 
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hydrogen bonding to newly formed H2O molecule, each from (s)-propranolol and MAA (NH…OH 181 

(water) and (water) OH…O=C with the distances of 1.68Å and 1.78Å respectively).  Average 182 

binding energy within product of the (s)-propranolol-MAA + H3O+ reaction amounts 12.25 183 

kcal/mol (9.39 kcal mol BSSE corrected) and 15.03kcal/mol (12.45 kcal/mol BSSE corrected) for 184 

B3LYP and M06-2X respectively, per h-bonding. There are no observed structural changes 185 

within MAA molecule.  186 

Introduction of an acidic environment causes (s)-propranolol to change into cationic form, while 187 

hydronium ion due to observed proton transfer converts into the neutral water molecule.  188 

Comparison of the map of the electrostatic potential, MEP, between neutral (s)-propranolol-MAA 189 

system and the product of the (s)-propranolol-MAA + H3O+ reaction, presented in Figures 9 and 190 

10, shows observable change within the electron distribution caused by the addition of the 191 

hydronium ion followed by a single proton transfer. In the neutral (s)-propranolol-MAA system, 192 

three nucleophilic centers can be observed (see Figure 9, marked in red). Two of them, on the 193 

oxygens from the hydroxyl groups on both (s)-propranolol and MAA, and the third on the 194 

carbonyl oxygen located on MAA molecule. Addition of the hydronium ion followed by the proton 195 

transfer that caused hydronium ion to convert into a water molecule, and (s)-propranolol to 196 

become positively charged, can easily be visible on the MEP of the product of the (s)-197 

propranolol-MAA + H3O+ reaction. As presented on Figure 10 (marked blue), positive charge is 198 

shown to be located on the hydrogen atom of hydroxyl group and the nitrogen (where proton 199 

transfer occurred) both being a part of the (s)-propranolol molecule.  200 

Figure 12 shows calculated IR spectra for the product of the (s)-propranolol-MAA + H3O+ 201 

reaction at B3LYP level. Water formed in the reaction, proton transfer to the secondary amine 202 

group on the template, and the hydrogen bonding between water and (s)-propranolol are 203 

indicated by the following peaks: νH-O-H (3874 cm-1), νNH (3412 cm-1) and νNH…OH (2906 204 

cm-1), respectively.  205 
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Additionally, νOH (MAA) and νOH((s)-propranolol) vibrations of the product of the (s)-206 

propranolol-MAA + H3O+ reaction are shown to be right shifted when compared to (s)-207 

propranolol-MAA complex reported on Figure 6. 208 

High pH. To mimic basic pH and study its influence on the template-monomer system a 209 

hydroxide ion, OH-, has been added to the (s)-propranolol-MAA complex above the two 210 

hydrogen bonds binding template with monomer. After conducting full optimization at both 211 

B3LYP and M06-2X levels of theory, with the presence of five waters of solvation, it has been 212 

observed that an introduction of the OH- ion causes the simultaneous double proton transfer 213 

from (s)-propranolol to the hydroxide ion, and from MAA to the (s)-propranolol molecule, as 214 

presented in Figure 8. Hydrogen from the (s)-propranolol hydroxyl group is attracted by 215 

nucleophilic oxygen of hydroxide ion, causes a proton transfer and a formation of water 216 

molecule. As a result, (s)-propranolol becomes temporarily negative, with the extra electron 217 

localized on the oxygen atom (formally hydroxyl group) that causes second proton transfer from 218 

MAA hydroxyl group to the nucleophilic oxygen of (s)-propranolol. Consequently, MAA lacks a 219 

proton on the (former) hydroxyl group, and the two oxygens are connected via double bonds to 220 

the carbon (former carboxylic group). MAA system becomes negatively charged with extra 221 

electron localized on the outer oxygen atom of the former carboxylic group.  The product of the 222 

(s)-propranolol-MAA + OH- reaction is a system connected via four hydrogen bonds with 223 

average binding energy of 15.73 kcal/mol (13.11 kcal/mol BSSE corrected) and 15.94 kcal/mol 224 

(13.47 kcal/mol BSSE corrected) for B3LYP and M06-2X methods respectively, per each h-225 

bonding. The first two h-bonds located between MAA and water (C=O…H-O), and MAA and (s)-226 

propranolol (C=O…HO) have interacting distance of 1.95Å and 1.65Å, respectively. Remaining 227 

two interactions are formed between MAA’s outer oxygen and (s)-propranolol (C=O…H-C), and 228 

water and (s)-propranolol (H-O…OHC). Their bond distances amount 2.24Å and 2.08Å, 229 

respectively. 230 
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Comparison of MEP, between neutral (s)-propranolol-MAA system and the product of the (s)-231 

propranolol-MAA + OH- reaction, presented in Figures 9 and 11, shows a change of electron 232 

distribution surrounding oxygen in COO- group of MAA, in the product of the (s)-propranolol-233 

MAA + OH- reaction, when compared to neutral (s)-propranolol MAA MEP. In Figure 11, red 234 

area around the oxygen on MAA represents the accumulation of the extra negative charge that 235 

occurred after the proton transfer from the hydroxyl group of MAA to hydroxide ion. 236 

Figure 13 shows B3LYP calculated IR spectra for the product of the (s)-propranolol-MAA + OH- 237 

reaction. There are few interesting picks reported in this spectrum: βH-O-H, at frequency of 238 

3670 cm-1, that corresponds to the vibrations of the water molecule formed during the reaction 239 

of the monomer-template system with hydroxide ion. During that reaction, a proton has been 240 

transferred from MAA hydroxyl group to the attacking nucleophilic hydroxide group, and as a 241 

result, the COOH group of MAA has been converted to the O=C=O group, βO=C=O at 1979 cm-242 

1. There is no νOH (MAA) vibration represented in the spectrum (Figure 13) due to mentioned 243 

above proton transfer from MAA to the hydroxide ion.  244 

It can be observed high intensity peak of νOH ((s)-propranolol) that corresponds to the 245 

hydrogen bonding between COO- group of MAA with hydroxyl group of (s)-propranolol, see 246 

Figures 8 and 13. Additionally, there is low intensity peak between secondary amine group of 247 

the template and hydroxide group from water at 3451 cm-1 that indicates weak hydrogen 248 

bonding between the two species with bond distance of 3.26Å (as shown in Figure 8). 249 

Frequencies of νOH (MAA) and νNH ((s)-propranolol) are shifted to the left by around 120 cm-1 250 

when compared to the spectrum of (s)-propranolol-MAA complex presented in Figure 6. 251 

Figures 12 and 13 show calculated IR spectra for products of reactions with hydroxide and 252 

hydronium ions that has been obtained using B3LYP method only. As presented in Figures 4-6 253 

M06-2X does not alters the intensities of the important peaks, just causes their slight shift to the 254 

left. 255 
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Based on the performed analysis change of the pH significantly alters the monomer template 256 

system, not only by changing structure, electron distribution but also the binding scheme. 257 

 258 

Conclusions 259 

Presented in this manuscript detailed analysis of binding energy scheme of monomer to the 260 

template provides a base line, introductory study for the solvent selection in the molecular 261 

imprinting process of (s)-propranolol in methacrylic acid towards its potential use as transdermal 262 

patch to treat hemangiomas. Included studies, can provide better understanding on binding and 263 

release processes of MIP-trapped (s)-propranolol as well as application of two DFT functionals 264 

B3LYP an M06-2X without and with dispersive interactions, respectively. For example, BE 265 

calculated in M06-2X functional is 2.26 kcal/mol higher than one calculated using B3LYP 266 

functional. Counterpoise correction lowers binding energy, calculated in the gas phase, by 1.97 267 

kcal/mol form M06-2X and 2.1 kcal/mol for B3LYP method. Additionally, performed calculations 268 

demonstrated the trend of the solvent effect on the (s)-propranolol’s binding to the functional 269 

monomer. Presented calculations shows that protic solvents (methanol and water) have much 270 

stronger effect on the binding that aprotic ones (chloroform and DMSO), they lower BE by 3.31 271 

kcal/mol on average, while aprotic solvents lower BE by only 1.61 kcal/mol. Solvent effect is 272 

considered to be one of the crucial information for the future synthesis of the transdermal patch. 273 

Additionally, since a transdermal patch is to be working on the surface of the skin, and skin’s 274 

typical pH is slightly acidic, the study of the pH effect on the MAA-(s)-propranolol’s binding 275 

stability has been conducted as well. As presented in manuscript, the introduction of hydronium 276 

or hydroxide ions to the MIP interacting with (s)-propranolol causes the proton transfer within 277 

the system and reduced direct binding between monomer (a part of MIP drug delivery 278 

system/transdermal patch) and the (s)-propranolol (a medicine that would be delivered). 279 

Since computational research become a part of the initial stages of drug design this study of the 280 
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solvent selection, binding characteristic of the monomer and template system as well as pH 281 

effect on binding are necessary for the initial stages of basic research for the development of 282 

the transdermal patch for the delivery of (s)-propranolol via MIP to hemangiomas  283 
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Tables 382 

Table 1. Selected bond distances in MAA, s-propranolol and (s)-propranolol-MAA complex.  383 

Bond in Molecule Distance, Å 
       M06-2X   B3LYP Bond in Complex Distance, Å 

       M06-2X   B3LYP 
MAA MAA in Complex 

C=O       1.21        1.21 C=O     1.22        1.22 
O-H       0.97        0.97 O-H     1.00        1.00 

C-OH       1.35        1.36 C-OH     1.33        1.34 
 

S-propranolol 
 

 

S-propranolol in Complex 
 

O-H         0.97        0.97 O-H     0.98       0.99 
C-OH        1.41        1.41 C-OH     1.42       1.43 
N-H        1.02        1.02 N-H     1.02       1.02 

C-NH        1.46        1.47 C-NH     1.46       1.47 
 384 

 385 

Table 2. Binding energies for (s)-propranolol-MAA complex in solvent.  386 

Solvent BE in kcal/mol (M06-2X) BE in kcal/mol (B3LYP) 
no solvent 

no solvent (BSSE corrected) 
-16.03 
-14.06 

-13.77 
-11.67 

ethanol -12.08 -10.03 
water -11.96 -10.62 

DMSO -12.00 -12.72 
chloroform -12.85 -11.60 

 387 

 388 

 389 

 390 

 391 

 392 

 393 

 394 

 395 

 396 
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Figures 397 

Figure1: Geometry of a methacrylic acid, MAA, the monomer.  398 

 399 

Figure 2: Geometry of a (s)-propranolol, the template.  400 

 401 

 402 

 403 

 404 
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Figure 3: Geometry of (s)-propranolol-MAA complex at B3LYP and * at M06-2X level.405 

 406 
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Figure 4. Calculated IR spectra for methacrylic acid, MAA, the monomer, on x axis: frequency in 407 

cm-1 at B3LYP and * at M06-2X level. 408 

 409 

 410 

 411 

Figure 5. Calculated IR spectra for (s)-propranolol, the template, on x axis: frequency in cm-1 at 412 

B3LYP and * at M06-2X level. 413 

 414 
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Figure 6. Calculated IR spectra for (s)-propranolol-MAA complex, on x axis: frequency in cm-1 at 415 

B3LYP and * at M06-2X level. 416 

 417 

 418 

 419 

 420 

 421 

 422 

 423 
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Figure 7. Schematic representation of the influence of hydronium ion, H3O+, on the (s)-424 

propranolol-MAA complex. 425 

 426 

Figure 8. Schematic representation of the influence of hydroxide, OH-, group on the (s)-427 

propranolol-MAA complex.  428 

 429 

 430 

 431 

 432 

 433 

 434 

 435 

 436 
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Figure 9. MEP of the (s)-propranolol-MAA system 437 

438 

 439 

Figure 10. MEP of the product of the (s)-propranolol-MAA + H3O+ reaction.440 

441 

 442 

 443 

 444 

 445 

 446 
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Figure 11. MEP of the product of the (s)-propranolol-MAA +OH- reaction. 447 

448 

 449 

 450 

 451 

 452 

 453 

 454 

 455 

 456 

 457 

 458 

 459 

 460 

 461 

 462 

 463 
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Figure 12. Calculated IR spectra for the product of the (s)-propranolol-MAA + H3O+ reaction, on 464 

x axis: frequency in cm-1. 465 

 466 

 467 

 468 

 469 

 470 

 471 

 472 

 473 

 474 
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Figure 13. Calculated IR spectra the product of the (s)-propranolol-MAA + OH- reaction, on x 475 

axis: frequency in cm-1. 476 

 477 

 478 

 479 

 480 

 481 

 482 
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 486 

 487 
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Supporting Materials: 488 

Figure 14: Geometry of (s)-propranolol-MAA complex with two water molecules. B3LYP/6-489 

31G(d,p) level of theory. Distances in angstroms, Å. 490 

 491 

 492 

 493 

 494 

 495 
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Figure 15: Geometry of (s)-propranolol-MAA complex with two ethanol molecules. B3LYP/6-496 

31G(d,p) level of theory. Distances in ang497 

 498 


