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ABSTRACT

Density functional theory (DFT) is used to investigate the conversion from a solvent
incorporated pseudo-polymorph into a single component monolayer. Calculations of
thermodynamic properties both for the surfaces in contact with gas phase and with solvent are
reported. In the case of wetted surfaces, a simple bond-additivity model, first proposed by
Campbell and modified here, is used to augment the DFT calculations. The model predicts a
dramatic reduction in desorption energies in solvent as compared to gas phase. Eyring’s reaction
rate theory is used to predict limiting desorption rates for guest (solvent) molecules from the
pockets in the pseudo-polymorph and for cobalt octaethylporphyrin (COEP) molecules in all
structures. The pseudo-polymorph studied here is a nearly rectangular lattice (REC) composed of
two CoOEP and 2 molecules of either 1,2,4-trichlorobenzene (TCB) or toluene (TOL) supported
on 63 atoms of Au(111). At sufficiently high initial concentrations of CoOEP, only a hexagonal
unit cell (HEX) with two molecules of CoOEP, supported on 50 atoms of gold is observed.
Experimentally, the TCB-REC structure is more stable than the TOL-REC structure existing in
solution at initial mM concentrations of CoOEP in TCB as opposed to initial uM concentration of
CoOEP in toluene. Calculations here show that the HEX structure is the thermodynamically stable
structure at all practical concentrations of COOEP. Once the REC structure forms kinetically at

low concentration because of the vast excess of solvent on the surface, it is difficult to convert to



the more stable HEX structure. The difference in stability is primarily due to the difference in
electronic adsorption energy of the solvents (TOL or TCB) and to the very low desorption rate of
CoOEP. The adsorption energy of TCB has two important contributors: the adsorption energy
onto Au alone, and the intermolecular interactions between TCB and the CoOEP host lattice.
Neither factor can be neglected. We also find that planar adsorption of both TOL and TCB on
Au(111) is the energetically preferred orientation when space is available on the surface.

Rates of desorption are very sensitive to the solvent free activation energy and to the
thermodynamic parameters required to convert the solvent free activation energy to one for the
solvated surface. Small changes in the computed energy (of the order of 5%) can lead to one order
of magnitude change in rates. Further, the solvation model used does not provide the barrier to
adsorption in solution needed to determine values for the desorption activation energy. Thus, the

rates computed here for desorption into solvent are limiting values.



INTRODUCTION

Density functional theory (DFT) has been used extensively in the study of molecular and
crystalline porphyrin systems.!" 7 DFT has also been used to study porphyrins and other large
conjugated systems on surfaces. ® !'° True polymorphism has also been the subject of study by
DFT methods. !¢ 2! Much less studied by DFT are systems with two components (tectons) making
up the self-assembled monolayer. Examples include the porphyrin-coronene system,?? guest-host
systems like the PBM2-coronene system, > and the incorporation of Zn and Ag nitrates into pores
created by trimesic acid cycles on graphite.?* Of particular interest in relation to the present work
is the near absence of papers using DFT to study solvent molecule incorporation into a non-

covalent SAM.

Recently, Gurdumov and coworkers published experimental studies of the effects of solvent
on the structure and kinetics of cobalt octaethylporphyrin (CoOEP) self-assembled monolayers
(SAMS) on HOPG?® and on Au(111)?%. They found that on HOPG, a CoOEP pseudo-hexagonal
(HEX) structure containing two CoOEP per unit cell was formed from toluene (TOL),
phenyloctane (PhO) and decane (DEC) solution. The term pseudo-polymorph indicates a
structural variation resulting from incorporation of another species (usually solvent) into a
structure. 27 When 1,2,4-trichlorobenzene (TCB) is used as solvent for the tecton (CoOEP), TCB
is incorporated into the SAM forming a nearly rectangular (REC) lattice having one CoOEP and
one TCB per unit cell. On Au(111), however, both toluene and TCB (at low initial concentrations
of CoOEP) form REC structures, but these contain two CoOEP and two solvent molecules per
cell. The toluene REC structure was unstable and converted to HEX (with elimination of toluene)

with time except at the very lowest concentrations of CoOEP studied (< 1 uM). The TCB REC

structure was much more durable. The authors provided some preliminary structural DFT



calculations for the HOPG structures, and contrasted the adsorption energies of the TOL and TCB

on HOPG and Au.

Considering that TOL and TCB are of similar size and both have similar © structure, why
would one be significantly more stable than the other? This is an important fundamental question
that goes well beyond this particular system. Thus, a more detailed computational exploration of
this interesting pseudo-polymorph system is justified. While the data presented by Gurdumov is
for the solution-solid interface, we will consider both the vapor-solid and solution-solid interfaces.
This study captures a number of interesting features associated with pseudo-polymorph formation
and with adsorption into cavities formed by molecules that are not entirely planar. Included in our
calculations are the vibrational frequencies of all the modes of the TOL and TCB within the REC
structure, as well as those for the gas phase. Barriers to rotation in the REC structure and to
desorption are calculated. The desorption potential energy curves for TOL and TCB in REC, and
for the same molecules at low coverage on Au(111) are also computed and provide insights into
factors relating to energies of solvent incorporation. Rates of desorption of solvent into the vapor
from the pockets formed in the REC structure, and for CoOEP, are computed. The DFT
calculations are performed for the surface in contact with the vapor. Using a model first proposed

by Campbell 2%

, and modified here, we are able to calculate desorption energies and equilibrium
concentrations as well as limiting values for the rates of molecular desorption from the surface in

contact with solvent.
METHODS

Computations are performed with density functional theory (DFT) using the Vienna Ab-initio
Simulation Package (VASP)**! version 6.2.0 or with the program Gaussian 16.*> Some of the

CoOEP free molecule DFT calculations were performed using the UB3LYP-gd3 functional and



the 6-311G++(d,p) basis. The VASP code uses the projector augmented wave (PAW) method?*3
to describe the core electrons and valence—core interactions. We used both the optB88-vdW
functional®>3¢ and the meta-GGA SCAN+rVV 10 functional,?’” with PAW potentials optimized for
the PBE functional®® for all calculations. The electronic wavefunctions were determined at the
Gamma (I') point in the irreducible Brillouin zone. A plane wave cut off energy of 500 eV was
used for all simulations. For the Au(111) and adsorbate-Au(111) systems, Methfessel-Paxton
smearing was used to set the partial occupancies for each wave function with a smearing width of
0.2 eV. For the isolated molecular systems Gaussian smearing was used with a width of 0.04 eV.
All the geometries were fully optimized to less than 0.5 meV energy convergence and less than
0.02 eV/A forces. The choice of our DFT methodology, plane wave cutoff energies and k-point

7,8,22,39-41 and

choice were based on previous periodic DFT simulations of similar systems of type
size.*> VASP calculations were performed on species adsorbed to 3-layer unreconstructed Au and
on the same species in the gas phase. During optimizations, only the top layer of Au was allowed
to vary in position. The REC and HEX cell dimensions were chosen to match the unit cell
dimensions given by Gurdumov for the REC and HEX cells. ** ar=10a1+11a2, br=-3a1+ 3a2, and
an= ar with bn =5a2, for the REC and HEX cells, respectively. Where a1 and a2 are the Au(111)
atomic lattice vectors and are separated by 120°. Cells had at least 1.8 nm vacuum space above
the highest point on the monolayer surface.

It should be noted that these are huge cells having significantly more than 300 atoms. The HEX
cell has 320 atoms while the REC cells have more than 380. They required significant
computational time even with the assumptions of some of the atoms being fixed. The calculations

reported here are relatively basic periodic DFT calculations, with the only exception being the

more sophisticated optB88-vdW or SCAN+rVV10 functionals. One can rightly ask how these



results might change if we used more k points or more layers of Au as substrate. In order to get
some insight into this, while still completing the work in a finite time, we did two test
computations. First, we computed the desorption energy of one TCB from the TCB-REC unit cell
using (1, 2, 1) as the number of k points (doubling the number). We found that the desorption
energy changed by less than 1%. This is likely due to the very large supercells used. Second, we
considered the desorption energy of TCB (only) from gold both with a 3 layer and 5 layer gold.
The difference here with the thicker Au substrate was less than 20 meV. Thus, we are confident
that these calculations reflect the actual nature of the problem within the constraints imposed by
the computational method and the functional chosen. CONTCAR files for the optimized CoOEP-
TCB-REC and CoOEP-HEX systems are provided in the supplemental materials. Adsorption
energies were calculated as the energy of the optimized adlayer on gold minus the energy of the
optimized gold minus the energy of the isolated optimized molecules.

Calculations were performed to determine vibrational frequencies of TCB and TOL in the REC
lattice and also as free molecules. The same B88vdW functional was used as for the structure
optimizations but Hessian calculations with finite differences (a step size of 0.015 Angstroms, and
two symmetrical steps per degree of freedom) were used. Because of the complexity of the unit
cell, all atoms except those of TCB or TOL were fixed at their previously optimized positions
during the evaluation of vibrational frequencies for TCB and TOL.

Many single point calculations were done in order to determine barrier heights for motions such
as the frustrated translations and rotations. We also calculated the adsorption potential energy
surfaces for adsorption into the REC lattice and onto Au(111) at low TCB or TOL coverage (about
0.2 monolayer). In the REC adsorption case, we used nudged elastic band methods* with the

B88vdW functional to find a more precise value of the barrier to escape of the TCB (parallel



orientation) from the CoOEP pocket. In the TCB-REC case we computed the desorption electronic
energy curve with the SCAN-+rVV10 functional for the parallel orientation allowing the monolayer
to relax to its minimum energy/force configuration. We also considered adsorption with the TCB
and TOL rings standing up from the surface. In the case of the TCB up configuration, we also
computed the adsorption potential curve.

Statistical mechanics and Eyring’s absolute reaction rate theory** were used to estimate
desorption rates for TOL, TCB, and CoOEP. In order to estimate the energy of the transition state
in the presence of solvent, we used a slightly modified version of the bond additivity model
proposed by Campbell.?®?° The primary modification is to include the entropic contribution to
the surface energy (as opposed to free energy), -T(dy/dT), in the calculation of the effect of the

solvent on the transition state energy. Details of the method are included in the SI Power Point.

RESULTS AND DISCUSIION

Adlayer Structure: The STM image of the TCB-CoOEP pseudo-rectangular (REC) polymorph
on Au(111) as obtained by Gurdumov et al.?® is shown in Figure 1. Also shown in Figure 1 are
the DFT optimized lowest energy structures found for both the persistent TCB pseudo-polymorph
and for the TOL pseudo-polymorph. Note that for clarity of viewing, only the top Au layer is
shown, but the calculation utilized three Au layers. In order to arrive at these structures, we tried
several different starting geometries consistent with the experimental structure. Several were
found for the case of the phenyl ring parallel to the gold, but the ones shown were the lowest by at

least 2 kcal/mole.



Figure 1: STM image of the REC pseudo-polymorph of TCB and CoOEP on Au(111).
Also shown are the DFT optimized lowest energy structures found for both the persistent
TCB-CoOEP system and the transient TOL-CoOEP pseudo-polymorph. Both structures
have a total of 189 Au atoms, with 63 on the surface of the unit cell.

A few previous studies in which TCB appeared as a partner in a pseudo-polymorph suggested
that TCB adsorbed edge on (vertical) to gold. 46 Thus, it was necessary to consider both parallel
and perpendicular geometries for TCB adsorption. We first computed the adsorption energies
from the gas phase for TCB alone on Au(111) both parallel to the surface and perpendicular. As
shown if Figure S1, the surface adsorption potential is remarkably flat for the parallel adsorption
of TCB on Au(111) with a maximum variation of about 50 meV. The most stable configuration
found had a desorption energy of 1.055 eV. For completeness, we also determined the desorption
energy to the gas phase for parallel toluene on Au(111) as shown in Figure S2. The most stable
configuration for TOL adsorbed from the gas phase parallel to Au(111) has a desorption energy of
0.856 eV. TCB adsorbed vertically is a very different story. The orientation and position of
adsorption produces changes greater than 50% in the adsorption energy, and the highest desorption

energy (most stable) orientation found was H and 2 CI’s pointed down with each over a Au atom



(Figure S3). The energy of this configuration is -0.510 eV, about 12 kcal/mole less stable than
any of the parallel adsorption configurations. Thus, for TCB and TOL alone on Au, the flat
configuration is most stable.

In the case of the pseudo-polymorph, the interactions of the TCB or TOL with the adjacent
CoOEP might make a difference in which configuration is most stable. Thus, we also calculated
using the B88vdWW functional the energy of the REC cell where the TCB and TOL molecules
are optimized vertically. We began with the TCB in its most stable vertical orientation, with one
H and 2 adjacent CI’s down. The result is shown in Figure 2.

5o d , “}f , 224

-
‘V“'&"

A4 ¥ el v A A K
y O , % J | [ bo’
62 0=ak H G0k 00 ¢

Figure 2: DFT optimized lowest energy structure found for the hypothetical TCB-
CoOEP system (in contact with vapor) where the TCB adsorbs vertically to Au(111). The
energy of this system is 0.85 eV greater than for the case of parallel adsorption. As in
Figure 1, the bottom two layers of Au used in the calculation have been omitted for clarity.
The areas of the cells with TCB parallel and perpendicular are identically the same so
that the energy difference per unit area is simply 0.85 eV/4.54 nm? (the area of the unit

cell). B88vdW functional results.
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The calculated electronic energy of the TCB vertical configuration is about 20 kcal/mole
greater than that of the parallel configuration (2 TCB up per cell). Thus, we are confident that the
REC structure is composed of all flat laying molecules. We also considered the CH3z down
configuration of TOL in the REC structure. For the lowest energy position we found, the optimized
energy to be almost 26 kcal higher than for the flat configuration (2 TOL up per cell). Thus, while
the standing up adsorption configurations might be stable in smaller cavities, flat adsorption is
strongly preferred here.

In order to contrast the stability of the pseudo-hexagonal (HEX) structure and the REC
structures, we also computed the energy of the HEX structure in contact with vapor. The lowest
energy configuration found is shown in Figure 3. It is clear from Figure 3 that there is no room in
the HEX lattice for a solvent molecule. The energies per nm? of all four optimized structures are
compiled in Table 1. The range of experimental values reported for TOL on Au is also given in
the table.*” E’yq is the energy for desorption of a molecule from a metal surface to the gas phase
at absolute zero and includes the zero point vibrational energy difference.

As Table 1 displays, the SCAN+rVV10 results are consistently lower than the B88vdW
values. Both functionals show the desorption energy per unit area for HEX and REC structures to
be similar, but the HEX desorption energy per cell is higher (the area of the HEX is 3.60 nm? while
that of the REC is 4.54 nm?). Both functionals show the desorption energy per CoOEP to be
similar independent of structure. Both functionals show a significant stabilization of the TCB
adsorbed into the REC pocket relative to adsorption on clean Au. The only qualitative difference
between the results from the two functionals is that the BE§vdW calculation shows toluene more

stable in the REC pocket while the SCAN+rVV10 functional has it slightly (0.03 eV) less stable.
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Figure 3: DFT optimized lowest energy structure found for the HEX CoOEP system on
Au(111). As in Figure 1, the bottom two layers of Au used in the calculation have been

omitted for clarity. B88vdW functional results.
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TABLE 1: Energies of desorption transition state for toluene, trichlorobenzene, and cobalt
octaethylporphyrin from clean Au(111) and from the REC and HEX structures. The E°
values include the zero point vibrational energy difference. The experimental range of
values for toluene on Au(111) is also given.

B88vdW SCAN+rVV10 B88vdW SCAN+rVV10 TPD?
Eme  Emg/nMm?  Emg  Emg/nm? E /e E /e
TCB/Au 1.055 0.964 1.015 0.924
TOL/Au 0.856 0.897 0.831 0.872 0.78-0.90
CoOEP/HEX 5.048 2.852 4.493 2.538 4.941 4.386
CoOEP/TCB_REC 5.178 2.925 4.593 2.595 5.071 4.486
CoOEP/TOL_REC 5.016 2.834 4.404 2.488 4.909 4.297
TCB/TCB_REC 1.426 3.034 1.095 2.329 1.386 1.055
TOL/TOL_REC 1.083 2.304 0.866 1.843 1.058 0.841
HEX/Au 10.087 2.801 9.062 2.517 9.873 8.848
TCB_REC/Au 12.343 2.721 10.873 2.397 12.049 10.579
TOL_REC/Au 11.674 2.573 10.482 2.310 11.410 10.218

a) from Reference 47

A note on the role of energy per unit area. The calculations of the relative stabilities of the X-
REC structure are made easier by the fact that both lattices occupy exactly the same areas on the
surface. It is also interesting to note that the electronic energy per nm? of the HEX structure is
slightly more negative than that for the X-REC structures, making it the most electronically stable

structure.

Vibrational Analysis: In order to calculate desorption rates for TCB and TOL, the frequencies
of vibration of both the adsorbed TOL and TCB as well as their gas phase values are needed.
While the experimental solution phase values are available, the values in the REC structure are
not. Thus, we calculated the vibrational frequencies of both TOL and TCB in the REC structure

using the B88vdW functional. Because the entire cell is significantly more than 350 atoms, we



13

did not have the resources to allow every (or even most of the) atom(s) to move. We instead fixed
the gold and CoOEP in their optimized positions and then allowed only the TCB or TOL atoms to
vary. This procedure is justified by the fact that the changes in the internal modes (the ones most
likely to be affected by the adjacent CoOEP hydrogens) relative to the gas phase is small. It is
also consistent with a long-standing approximation that internal modes do not change significantly
upon physisorption. ** The gas phase vibrational frequencies were also computed with the same
functional and to the same accuracy as the surface frequencies. These computed gas phase values
are directly compared to the experimental liquid phase values (Table 2 and 3) as an indicator of
the reliability of the calculations. The results of these calculations are presented in Table 2 (TCB)
and Table 3 (TOL).

The standard deviations for all but the lowest frequency mode (Calculated gas phase versus
experiment in solution) are less than 1.7% for both compounds. One might reasonably expect less
agreement with the lowest mode since the calculation is in the gas phase and the experimental
value includes interaction with the solvent. Overall, we believe this is excellent agreement for a

computation of frequencies that has no adjustable parameters.

TABLE 2: Computed and experimental vibrational frequencies for 1,2,4-
trichlorobenzene.

TCB in REC (cm™) TCB gas phase (cm"

VASP 1) VASP TCB liquid (cm™) 2 %err
3138 3141 3094 1.5
3122 3136 3072 2.1
3115 3123

1558 1556 1571 -0.9
1543 1541 1562 -1.4
1439 1443 1461 -1.2
1371 1363 1377 -1.0
1304 1294 1267 2.1

1245 1240 1245 -0.4



1138
1117
1088
1015
929
871
800
794
672
668
564
536
465
438
405
344
295
241
212
187
144
124
110
88
82
69
66

1138
1119
1086
1019
934
854
800
787
681
669
572
542
462
420
385
323
295
217
196
175
140

14

1156
1132
1096
1036
942
869
817
811
688
679
576
551
456
435
396
326
305
212
195
182
117

-1.6
-1.2
-0.9
-1.6
-0.9
-1.8
-2.1
-3.0
-1.0
-1.5
-0.8
-1.6
1.4
-3.5
-2.9
-0.8
-3.4
2.2
0.7
-4.0
19.8

a) Reference 49

TABLE 3: Calculated and experimental frequencies for

Toluene incm™

TOL_RECVvib TOL vacuum Experiment ?
VASP VASP (liquid) %err
3106 3118 3067 1.7
3091 3096 3056 13
3078 3088 3056 11
3072 3085 3039 1.5
3068 3073 3039 11
3005 3026 2963 2.1
2985 3006 2933 25
2930 2953 2921 11
1583 1600 1611 -0.7
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1562 1576 1585 -0.6
1487 1496 1500 -0.3
1458 1473 1463 0.7
1443 1463 1453 0.7
1426 1439 1436 0.2
1375 1377 1384 -0.5
1327 1331 1330 0.1
1315 1319 1312° 0.6
1205 1201 1212 -0.9
1182 1174 1178 -0.4
1161 1162 1155 0.6
1086 1094 1083 1.0
1040 1045 1043 0.2
1024 1028 1030 -0.2
994 1001 1004 -0.3
984 990 980 1.0
973 975 980 -0.5
955 957 964 -0.7
886 893 894 -0.1
840 841 843 -0.2
787 770 786 -2.0
730 727 730 -0.4
690 695 695 0.0
621 621 623 -0.4
520 520 521 -0.2
463 459 462 -0.6
404 402 405 -0.8
358 329 341 -3.6
237 214 205 4.6
177 119

127

117

104

67

60

35

a) Reference 50; b) Reference 51

The lowest 6 modes for the adsorbed systems are primarily the frustrated rotations and
translations. In using these modes to calculate thermochemical properties one must be very

cautious of the barrier heights associated with these motions. Low barriers allow the excited
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vibrations to become translations or rotations and significantly affect the thermochemical
properties. °>>* Single point calculations were used to estimate the barriers to rotation in the A-B
plane. The barrier to a 30-degree rotation in the plane was computed to be 0.89 eV (20.5 kcal/mole)
for TCB and about 0.56 eV or 13 kcal/mole for TOL. At room temperature kT is 0.027 eV or 0.5
kcal/mole. McClurg >* has shown that a hindered rotor analysis may be neglected when r = barrier
height/vibrational frequency is large and when kT/vibrational frequency is of the order of 2. The
frequencies for all six low energy modes lie between 35 and 127 cm™ (0.004 to 0.016 eV). Thus,
the frustrated rotations may be treated as vibrations. For the translations in the A-B plane, the
molecules are constrained by the adjacent CoOEP and have no option for moving away from
equilibrium. In order to question the barrier to hopping out of the cavity and onto the monolayer,
we calculated the full potential curve for TCB moving from adsorption to infinity with the plane
of the molecule parallel to gold. The result was so interesting that we wound up computing these
curves for TOL and TCB on Au only, and for TOL and TCB moving out of the REC pocket (all
with B88vdW) and for the TCB-REC case with the SCAN+rVV10 functional. These results will
be presented in the next section. For now, we summarize and say that all of the lowest six modes
in each molecule may be approximated by a harmonic oscillator. There is an issue with one
internal mode of toluene — the “hindered” rotation of the methyl group. Our calculation (see Figure
S4) indicates that the barrier to CHj rotation on the surface is small, of the order of 280 cm™ and
the VASP calculated torsional mode (which includes some C-H stretch) is at 177 cm™'. Even for
this low barrier, the energies and entropies calculated based on a simple harmonic oscillator do not
differ significantly at 300K from those calculated for the small barrier limit (eqn 24 in reference

53).
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Potential Energy Curves: In order to determine the electronic energy required for desorption,
and to better understand the adsorption/desorption process, DFT was used to calculate the
electronic energy as a function of distance between substrates and adsorbing molecule (TCB or
TOL). Adsorption on Au(111) at low coverage (about 0.2 monolayer of TCB or TOL only) and
into the pocket of the REC structure were considered. We first explored the most direct path — the
benzene ring maintained its orientation relative to the Au(111) surface [nearly parallel] throughout
the process. Figure 4 presents these potential curves for the TCB case, and the results for TOL are
given in Figure S5. Zem 1s the z (or C axis) distance between the center of mass of TCB and the
top Au plane. Note first that the electronic energy curves are distinctly different for the Au(111)
only and the REC/Au case. The TCB on Au(111) data can be readily fit with a Morse potential
[shown as the smooth black line in Figure 4].

On the other hand, as TCB approaches the REC/Au(111) surface, one first observes a significant
(-0.41 eV) local minimum associated with van der Waals (vdW) interaction with the overall REC
layer and repulsion caused by interaction of the (parallel) TCB with the methyl groups surrounding
the adsorption site (pocket between CoOEP). The smooth red line in Figure 4 is a cubic spline fit
to the calculated points. Figure 4 also provides images of the surface at the extrema of the energy
curve. There is a significant increase in energy as the TCB enters the pocket and experiences van
der Waals repulsion by the surrounding methyl groups. Once past that point, there is a strong
interaction both with the Au substrate and the surrounding CoOEP. The extent of the vdW
attractive interaction can be seen in the difference in energy of the TCB on Au(111), only, and on
Au(111) in the REC pocket, 0.42 eV. In order to obtain the most accurate possible value for the
barrier created by the pocket, a nudged elastic band (NEB) calculation was performed and the

barrier was found to be 1.22 eV when the TCB is 0.2 nm above its equilibrium position in the REC
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structure. Points from the NEB calculation are displayed as crosses in Figure 4. The TOL on REC
potential curves are qualitatively the same (Figure S5), but the depth of the pocket potential is
somewhat less.

The SCAN+rVV10 functional also shows the effect of the methyl group repulsion (Figure S6).
Single point calculations clearly exaggerate the effect of methyl group repulsion. Thus, we
performed another set of calculations where the entire adlayer (except for the TCB lifted from the
surface) could relax to its minimum energy position. As expected, the size of the barrier was

significantly reduced, but is still present.

1.0
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Figure 4. DFT calculated electronic energy curves as a function of distance from the
top Au plane to the center of mass of TCB (Zcm). TCB was held parallel to the Au(111)

plane at all distances. Red curve: Electronic energy as TCB adsorbs into the pocket in
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the REC structure. Insets show configuration of TCB relative to the REC structure at three
extrema. Blue Crosses: NEB calculated potential for TCB parallel orientation absorption.
Black curve: Electronic energy as a function of Zcm for TCB adsorbing on Au(111), only,

at an effective coverage of about 0.2 monolayer.

The strong repulsive nature of the TCB (parallel) — methyl interactions, and the additional
adsorption energy provided by vdW interactions in the REC pocket, justify consideration of a
standing adsorption into the pocket. We chose the most stable configuration of standing TCB on
Au(111), the CI-H-C1 down configuration shown in Figure 5. The electronic energy as a function
of Zm for this case is shown superimposed on the parallel adsorption curves in Figure 5. As in the
parallel adsorption case, the potential cannot be fit by a Morse curve, and shows a clear initial vdW
interaction with the REC adlayer at long distances. Unlike the parallel case, it is possible to orient
the TCB to essentially eliminate the CH3 repulsion part of the curve, as show in Figure 5. The
optimized equilibrium structure at the minimum in the blue curve in Figure 5 is shown in Figure
S7. The optimized TCB-REC structure is shown for comparison in Figure S8. The similarity in
minima of the blue curve (standing TCB in REC pocket) and the red curve (flat TCB on Au(111))
results from an accidental cancelation in the greater adsorption energy of the parallel case on Au
with the vdW stabilization of standing TCB in the REC pocket.

The blue curve in Figure 5 cannot represent final true adsorption curve. At some point when
Zem < 0.5 nm TCB must begin to turn parallel to the surface in order to find the most stable
configuration as shown in Figure 1.

Actually, this discussion about the variation in barrier shape is of interest only in terms of the

detailed kinematics. The Eyring theory result we will use is independent of the shape of the barrier
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so long as it doesn’t change the surface vibrational partition function significantly. There could
be several local minima in one path, none in another, and yet a different shape in the nth path and
the same desorption rate would result. An alternative way of stating this is: “In TST derivations,
the rate is calculated assuming that the initial state is in equilibrium with the TS. As long as the
initial state and transition state keep the same local Potential Energy Surface, you can change the

PES by huge amounts in between without any effect on the TST rate.” >

0.5
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Figure 5. DFT calculated potential energy curves as a function of distance from the

top Au plane to the center of mass of TCB (Zcm). Black curve: Electronic energy as TCB
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adsorbs into the pocket in the REC structure. Red curve: Electronic energy as a function
of Zcm for TCB adsorbing on Au(111), only, at an effective coverage of about 0.2
monolayer. Blue curve: Electronic energy as TCB adsorbs into the pocket in the REC
structure but oriented vertically with the CI-H-CI down configuration that gives the most

stable vertical structure on Au(111).

Kinetics: Given the electronic and zero-point vibrational energy difference between the
adsorbed state and the transition state, one can use Eyring reaction rate theory *+3-57 to calculate
desorption rates. All kinetic values will be calculated either at 298K or at 408K, as indicated in
the tables. It must first be noted that the REC and HEX structures are clearly a 2-D lattice gas

system and must be treated as such. Campbell >°

gives the desorption rate per unit area for a 2-D
lattice gas, and we have scaled it to monolayers/minute where Ny, is the number of molecules per

monolayer.

R _ (kT (2mmkT qTSint)( 9) —AEg. (60
1= () () (52) (25) exe GG eand

Where qrsint 1s the partition function for the rotational and vibrational modes of the molecule of
interest in the gas phase,®® and qa4 is the partition function for a single adsorbed molecule in the
lattice. AEx is the DFT calculated electronic desorption energy for species X, AE% = Ex-AEqp x,
and AEop x is the differences in zero point vibrational energies and can be found in Table S1. That
is, AE'q is the difference between the zero-point energies of the molecule in the transition state and

the adsorbed molecule.

1
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Where o=1 for Toluene and for TCB and 4 for CoOEP. « is the transmission coefficient of the

order of 1. The frequency of a normal mode is given by vi, and AX, BX and CX are the rotational
temperatures for the free molecule X. While the zero-point energies are quite large, their
differences are small, of the order of 40 meV, or about 5% of the electronic desorption energy of
TOL and TCB.

Using these relationships and the values reported above and in Tables 1, 2, 3 and S1, one can
compute the desorption rate/cm? for toluene or trichlorobenzene leaving the pocket of the REC

structure at 298K in the gas phase.

% (6,TCB) = 0.027 % Monolayers/minute eqn 2

%(9, TOL) = 4.5x107 % Monolayers/minute eqn 3

Treating CoOEP is more difficult. Because of the size of the system, and the propagation of
errors for the huge number of low frequency bands, we did not attempt to calculate all the
vibrational frequencies on the surface. Instead, we relied up the long-standing approximation that
internal modes do not change significantly upon physisorption.*® This should work for all but the
CH» wag (torsional) modes of the ethyl groups which are severely constrained upon adsorption.
Also, an approximate treatment of the 6 lattice modes is required. These two sets of motions are

discussed and partition functions are derived in the SI. With these approximations,
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qrsi
<—mt> = CItor/CIlCaot

Qad
2(6,CoOEP,TOL — REC) = < 1.0x10~5° = Monolayers/minute at 298K eqn 4
%(0, CoOEP,TCB — REC) =< 1.0x107>° 1% Monolayers/minute at 298K eqn 5
2(9, CoOEP,HEX) =< 1.0x1075° 1% Monolayers/minute at 298K eqn 6

This negligible rate of desorption into the gas phase at 298K is a primary contributor to the
kinetic stability of all three lattices. Once a CoOEP adsorbs from the vapor onto the surface, it
may slide around, but it isn’t coming off.

Note first that the desorption rate for TCB into the vapor is about 4 orders slower than for
toluene. Also, note that the desorption rate depends upon coverage and accelerates considerably
for O greater than about 0.8. How do these results relate to kinetics of the REC to HEX conversion?
The rate of desorption from the HEX pocket is only physically important so long as the pocket is
maintained. Using the area per CoOEP in the HEX structure (1.80 nm?), and assuming it is the
same in REC, one finds that for both TOL and TCB the area per pocket is 0.47+0.01 nm?. Thus,
to open a hole large enough to accommodate a single CoOOEP molecule, four TCB or TOL must
leave the REC structure. Further, the departing molecules must be close enough together in space
to allow neighbors to rearange, or CoOEP to adsorb, into the cavity. In the case of vapor-surface
equilibrium, or liquid surface equilibrium (to be discussed later) the events must also be close in
time so that one or more of the pockets is not filled by an adsorbing solvent molecule. Each
CoOEP has 4 TOL or TCB nearest neighbors. It seems reasonable to assume that the loss of these

four TOL or TCB is the primary mechanism for creating an opening . Assuming desorption occurs
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randomly on the surface, the probability that the four adjacent sites will be vacant at TCB or TOL

coverage 0, is P44(0) i. P44(0) are given by:

4 k!
n=4 p1(k—n)!

P44(8) =

k(1 — )" eqn 7

This function is shown in Figure S9 of the SI. During the initial phase of desorption of solvent
from the REC form (we define 6=0.95 as the initial state), P44(0.95) = 6x10°°. This factor reduces
the rate of conversion from the rate of TOL or TCB desorption, In fact, one must include additional
reductions due to diffusion and rotation rates of the CoOEP on the surface, (there is no adsorption
of CoOEP in the case of vacuum or equilibrium vapor exposure of solvent at 298K) as they move
into the HEX positions. Thus, the rates given in equations 2 and 3 are upper limits for the rate of
REC to HEX conversion in vacuum or vapor.  Whatever the mechanism for REC to HEX
conversion, it can never proceed faster than the rate at which the solvent is lost from the REC

structure.

Surface Solution Interface: It is clear that the TCB-REC structure is significantly more stable
than the TOL-REC structure in contact with vapor, and that there is a huge kinetic barrier for the
conversion of the TCB-REC to HEX structure. More problematic (and interesting) is the situation
when these structures are in contact with solvent. In order to address the role of solvent on the
critical issues energy change on desorption (and therefore equilibrium state) and to gain insights
about the activation energy and the kinetics of desorption in contact with solvent, we will use a
method proposed by C. T. Campbell for estimating the difference in adsorption energy of a
molecule in the presence and absence of a liquid solvent. This model assumes pairwise interfacial
bond additivity (e.g., that the bond energy of the molecule to the surface is the same with or without

solvent molecules interacting with other parts of the molecule). 2**° Following his approach to the
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problem requires two major steps. First, we must find the adhesion per unit area of the solvent to
the solid surface. -- the work required to separate a unit area of wetted surface into a liquid surface
and clean solid surface. The second step in Campbell’s treatment was to find the difference in
adsorption/desorption energy in gas phase versus under a liquid solvent by creating a sequence of
steps whose sum total yielded the desorption energy of an adsorbate into solution. As presented
in the Supplemental Power point, we extend his derivation to define the critical quantities in terms
of per molecule. This extension requires that there is a narrow distribution of adsorption
geometries and energies. This assumption is justified for the cases considered here, but may fail
for more poorly defined systems. Thus, we use Ae to represent the change in energy per molecule
rather than the change in energy per unit area in the original Campbell treatment. We stress that
this is the difference in energy between final and initial states and not the activation energy.

Let us first consider the adhesion energy. Adhesion energy of the solvent to a metal surface can
be expressed in terms of the gas phase desorption energy, Aeqes ¢, the energy of vaporization, Aevap
of the solvent, and the energy require to form the (planar thin) solvent surface layer, 2cey, all per
molecule of solvent in contact with the surface. Where o is the area of the solvent in contact with
the surface. In his papers, Campbell set el = oy, where G is the area of the surface occupied by
a solvent molecule and v is the surface tension of the solvent per unit area of the surface. This
formulation neglects the entropic contribution which turns out to be sizable.?®?° The correct form
is el = o(y-T(dy/dT)), where (dy/dT) is negative for most solvents.”® The result is:

A€adh =A€des,g - Aevap +20[y-T(dy/dT)].
Derivation of this result and of equations 8 and 9 are given in the SI Power Point.
Recognizing that the desorption energy is the DFT calculated desorption energy including zero

point vibrational energy, E’we, plus the thermal energy of the gas minus the thermal energy of the
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adsorbed solvent, gives, Aedesg = E’me + 3kT +Ae,. Where we have assumed a non-mobile
adsorbate and that Aey is the difference in vibrational energy for the adsorbed and gas phase
molecule and the solvent is assumed to be non-linear. Thus, the energy of adhesion of the solvent

to a generic metal surface is:

Aeggn = Epyyy + 3kT + Ae, — Aeyqy, + 20 [y —T (Z—;)] eqn 8

/9

The energies of vaporization at 298K and 408K needed for eqn 8 were found using the Antoine
equation. This thermodynamic data and other needed thermodynamic quantities can be found in
the SI.

The second step in Campbell’s treatment was to create a sequence of steps whose sum total
yielded the desorption energy of an adsorbate into solution. This sequence of steps is mostly
thermodynamically sound, but it has two approximations: 1) The adsorbate is somewhat flat; 2)
the energy of wetting the adlayer is the sum of the work returned when the liquid surface disappears
and half the solvation energy of the adsorbate. He later expanded on his treatment to include more
complex adsorbate shapes, ® but the original treatment suffices for the molecules considered here.

Details of our corrected derivation are given in the SI power point. The end result is:

A

ea, day
Ezg,m/S = Ezg,m/g - (%4) Aeadh,S + ZAS + 04 []/ -T (E)] eqn 9
Where E X,m /s 1s the desorption energy (including zero point vibrational energy) for desorption

of A from a metal surface into solvent S, E X'm /g 18 both the desorption and transition state energy

for desorption of A from a metal surface into the gas phase, and Aea s is the solvation energy of

adsorbate A. It turns out that the correction can be quite large and reduces E X‘m /g by more than

half for CoOEP in Au(111). Table 4 presents the values of E X'm /s and E, X'm /g for the various
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structures of CoOEP in TOL and TCB as computed both by B88vdW and by SCAN+rVV10.
Table S2 provides values at 298K and 408K and also adds values computed using the Tkatchenko-
Scheffler functional.

Because the desorption energies of the solvents differ significantly between desorption from
clean gold and desorption from the REC pocket, two different energies of adhesion result for each
solvent. In the case of desorption of solvent from the REC pocket, it was clear that the REC pocket
desorption energies should be used to calculate the adhesion energies. For CoOEP or a full REC
cell, however, the choice is less clear since about 4 solvent molecules are required to fill the
CoOEP space. We chose to use the solvent adsorption on clean gold values for the solvent
adhesion energy when considering CoOEP or REC cell desorption.

A more difficult issue is the difference in transition state and final state energies for desorption
into solution. Because the final state is a fully solvated molecule, and the transition state may not
be, the transition state is usually higher in energy that the final desorbed state. Thus, the true
transition state energy in solution lies somewhere between the gas phase desorption energy and
the solution phase desorption energy. As an example, consider a transition state where the CoOEP
retains the partial solvation it had on the surface but has moved ~ 1 nm from the Au but that the
Au has not become solvated. At this point the zero-point desorption energy would be of the order
of the desorption energy for the gas phase plus one half the solvation energy. For CoOEP in TOL
the solvation energy is calculated in the SI to be -0.67 eV/molecule. This hypothetical scenario
would put the solution phase activation energy at 0.34 eV lower than the gas phase transition state
but significantly higher than the zero-point desorption energy difference in TOL. Alternatively,
one might imagine that the transition state was a solvated Au surface and a partially solvated

CoOEP. In this case the activation energy for desorption would be about 0.4 ¢V more than the
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desorption energy. We will therefore compute desorption rates using gas phase transition state
energies and solution phase desorption energies in order to set limiting values for rates. The initial
desorption rates presented in Table 4 are the limiting values with the true desorption rate laying
somewhere between the two. We note for future reference, that when calculating equilibrium
properties, the desorption energies (not the transition state energies) are the correct values and no
such difficulty arises.

With values for the limiting desorption activation energies in hand, we can use equation 1 to
estimate the limiting desorption rates of CoOEP into either TCB or TOL at 298K and 408K. Note
that this is an initial rate (0 = 0.95) and the units are monolayers per minute. We have chosen the
408K temperature because the only data on desorption rates for CoOEP into solution that we know
of is for the HEX form desorbing into n-octylbenzene. ' Thus, we have a point of comparison.
The calculated desorption rates both to the vapor and into solution are tabulated in Table 4. It is
useful to note that a 2.34 eV activation energy produces a CoOOEP desorption rate value of 3 x107

monolayers/min in both TCB and TOL at 135°C

TABLE 4: Limiting values for the initial rate of desorption (monolayers/min) for the indicated species
in the indicated environment: species [environment]. B88vdW vibrational energy values, and
corrections for solvent as discussed in the text. 6=0.95. See discussion in text concerning why the
actual desorption rates in solution are intermediate between the vapor and solution phase values given
here.

SCAN+rvVv10
eV/molecule Initial Rate (monolayers/min)
T =298K E’ [REC]  E’ws [REC] [REC, g] [REC, TCB(l)] [REC, TOL(l)]
TCB 1.055 0.843 1.0x10° 4.0x10°
TOL 0.841 0.792 1.9x108 1.3x10°
CoOEP [TCB-REC] 4.486 2.055 4.8x10° 6.3x107

CoOEP [TOL-REC] 4.297 1.522 7.6x10 6.47



T=298 K
CoOEP [TCB]

CoOEP [TOL]
T=408 K

CoOEP [TCB]
CoOEP [TOL]
CoOEP [PhO]

T =298K

TCB
TOL

CoOEP [TCB-REC]
CoOEP [TOL-REC]

T=298 K
CoOEP [TCB]

CoOEP [TOL]
T=408 K

CoOEP [TCB]
CoOEP [TOL]
CoOEP [PhO]
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Eom/g [HEX] Eom/s [HEX]
4.386 1.955
4.386 1.611
4.386 2.018
4.386 1.666

eV/molecule
E’%e[REC]  E%ys[REC]
1.386 1.173
1.058 1.009
5.071 2.297
4.909 2.291

Elwemex] B [HEX]
4.941 2.167
4.941 2.324
4.941 2.192
4.941 2.342

[HEX, g]
1.9x10™®
1.9x10*

1.5x10%
1.5x10%

B88-vdW

[HEX, TCB(1)]
2.4x107
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[HEX, TOL(])]

0.16

6.3x10°
(4x107)2

Initial Rate (monolayers/min)

[REC, g]

2.6
4.0x10*
<10-50

<1 0—50

[HEX, g]
< 1 0-50

<1 0—50

2.2x103%
2.2x107%

[REC, TCB(1)]
1.0x10*

6.3x1013

[HEX, TCB(1)]
6.3x107!!

0.2

{10%}°

[REC, TOL(1)]

2.7x10°

5.0x10713
[HEX, TOL(I)]

1.4x10°1

2.8x1073
(4x1073}°

a) This rate of desorption was determined experimentally in ref 61.

There are several observations one may make regarding the data in Table 4. The first is that

CoOERP is essentially stuck on the surface at room temperature while the adsorbed TOL and TCB

are readily exchanging with either gas or solution. Second is the dramatic reduction in the

desorption energy of CoOEP in solution relative to the gas phase. The combination of solvation

energy, and solvent adhesion energy reduces the desorption energy by more than a factor of 2. In

this context one might note the much smaller reduction of the TOL and TCB desorption energy in
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solution relative to CoOEP. A major contributor to this difference is the fact that one must wet
the gold surface with almost four molecules of solvent to replace one CoOEP desorption, but only
one for TCB or TOL desorption. The third major observation is that both DFT functionals predict
that the TCB desorption rate from the REC structure will be less than that for TOL, both in the gas
phase and in solution.  Fourth, as mentioned above, a 2.34 eV activation energy produces a
CoOEP desorption rate value of 3x10~ monolayers/minin both TCB and TOL at 135°C. The fact
that this is the B88vdw calculated value for the desorption energy for CoOEP in TOL at 135°C,
may be accidental since it would imply an activationless adsorption. On the other hand, the values
determined from the SCAN+rVV10 functional imply an activation energy ranging from 0.32 to
0.67 eV. These values are well within corrections associated with solvation effects.

Before leaving the subject of computed rates, one must realize how sensitive the rates are to
small changes in the activation energy. At 408 K, a change in the activation energy of CoOEP by
0.10 eV (5%) results in a change in the desorption rate by a factor of 10. The DFT calculated
CoOEP desorption energies vary by more than 10% depending on the functional chosen. Thus,
small errors in the computed energy result in large variations in desorption rate. Even given a
perfectly computed desorption energy into the vapor, the energies of solvation for CoOEP in TCB
and TOL are based on values with rather large error bars, especially in the TCB case. They could
also contribute errors of order 0.1 eV/molecule to the desorption energy into solution. Errors in
the vibrational partition functions for CoOEP resulting from the approximations used could
produce a change of one or two orders of magnitude in the rate. Beyond these possible variations,
there is the issue of the unknown activation energy. Simple partial solvation models (vide supra)
suggest that the activation energy for adsorption should be at least 0.4 eV. An empirical fit of the

calculated desorption rates for CoOEP in TOL or TCB at 135°C suggests that the smaller
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desorption energy values obtained with SCAN+rVV10 functional may be more accurate since they
imply an activation barrier to adsorption of 0.3 to 0.7 eV.

162

Campbell®” has given a formula for the rate of impingement of solution phase molecules on a

surface,

kT
J=Cx |5—
2mm

Ifk is the Boltzmann constant, m is the mass per molecule of the solvent, and C is the concentration
of the solvent in molecules/cm?, then J has units of molecules/cm?-s. For convenience, this can
be converted to JO, the number of monolayers/minute impacting the surface. Where Nm is the
number of sites for solvent adsorption per cm?, and is 4.41x10"* for TOL or TCB into REC sites.

9=c kT (60)
= £ —_—
J 2mm \Nm

JO is (4£1)x10'* monolayers/min for either solvent. Thus, even if the sticking coefficient was
as small as 1077,%? the replacement rate of solvent into the emptied pores would be much greater
than the rate of pore opening for the B§8vdW result.

We recently measured the diffusion coefficient, D, for the double decker phthalocyanine, Y[CesS-
Pc]s, on gold in phenyloctane. We found a value of 1.1x10” nm%sec for D. If the CoOEP
(assuming the same diffusion coefficient) must diffuse about 0.5 nm to block re-adsorption of the
solvent and start conversion of the Rec to Hex form, it would take about 2 minutes on average.
Even if CoOEP diffuses 10 times faster than Y[CsS-Pc]s, that is still many orders of magnitude
longer than the time required for a solvent molecule to refill the open site and block its motion at
298K. These rates for emptying and filling pores, combined with the relatively slow diffusion

rate of CoOEP on Au at 298 support a kinetically limited model for the REC to HEX conversion.
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Thermodynamic Equilibrium in Solution: The equilibrium requirement for conversion of a

complete monolayer of the X-REC structure to the HEX in the presence of both X and CoOERP is:

(B = Ditcoorp (M) + PX = BEREX 4 1 (M) eqn 10

Where pixrec,x 18 the chemical potential of a unit cell of the X-REC structure in contact with
solvent X, pnexx is the chemical potential of a unit cell of the HEX in contact with solvent X,
Hncooep (M) is the chemical potential of CoOEP at some molarity, M, and uy is the chemical
potential of X at some molarity M’. B is the ratio of unit cell areas of REC to HEX and is equal
1.260. This is a very different process than the ones considered previously since the number of
CoOEP on the surface must increase to compensate for the change in surface density. While we
can write an expression for the equilibrium constant for this process, it is highly unlikely to occur
as an equilibrium process in the vapor, since CoOEP has no significant vapor pressure below about
250 °C %, where the TOL or TCB would evaporate from the surface. This process can occur in
solution. We will assume the case where the volume of solution is sufficiently large that the
equilibration on the surface does not effectively change the concentration in solution. Further, the
solvent is assumed to be the reagent TOL or TCB for TOL-REC and TCB-REC, respectively.

We can use the same process used earlier to estimate the desorption energies for the unit cell
desorption in the presence of solvent. These results are given in Table 5. Note that unlike the rate
calculation, it is the difference in initial and final states (E%, and E%.,) not activation energies that

are needed here.

Let us continue to assume that the internal vibrations do not significantly change and that the

one mole/L standard state is used for all solutions in eqn 10. Further we assume that the partition
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functions for the components of the REC cell are the product of the partition functions for the

individual components. Using the assumptions used in the previous section, we have:

1

Mo\ o (avC°aaror\ [(av*aX (M° (BE®Hexx—ESgcx)||B1
—) = o % — ) exp eqn 11
M diat dqr ) \Mx 2kT

Where Mc, is the molar concentration of CoOEP in X when the REC and HEX forms are in
equilibrium, the Co notation is shorthand for CoOEP and the superscript 0 on the translational

partition functions refers to the 1 mole/L standard state. Na is Avagadro’s number, and g% =

kT 3/2 3 .
(271:; T) (113ar) where 1 is a factor less than or equal to 1 used to account for the actual free

volume within the solution.*® There have been many proposals for how to determine r,*3%* with
values ranging from 1 down to less than 10"*. The factor r reduces the entropy of desorption but

does not affect the desorption energy.

TABLE 5: Desorption energies for the indicated species in the indicated environment: species
[environment].

SCAN+rvVv10
eV/unit cell eV
T =298K
E%rEC/g E%rECss BE®hex/s - E%ecss
[TCB] 10.579 4.131
[TOL] 10.218 3.025
E’HEx/g EHexss
[TCB] 8.848 3.985 0.890
[TOL] 8.848 3.297 1.129
B88vdW
eV/unit cell eV
T =298K
E%rEC/g E%rECss BE®hex/s - E%ecss

[TCB] 12.01 4.697
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[TOL] 11.343 4.547

Elwe[HEX]  E’ws[HEX]
[TCB] 10.341 4792 1.885
[TOL] 10.341 5.105 1.341

If one inserts the value from Table 5 into eqn 11 and takes r equal to any value between 1 and
10, the resulting values of the molarity of COOEP required to sustain equilibrium are impossibly
small (less than 1 molecule / liter!). In fact, so long as BE’uexss - E%rec/s >0 and r > 1073, the HEX
form will be the thermodynamic equilibrium form in TCB so long as Mco> 10 moles/L. . Thus,
the REC structures are entirely kinetically driven. This is a very robust conclusion since BEnex/s

- E%ecss > 0.9 for both methods of computation.

CONCLUSIONS

Computational chemistry was used to explore the kinetics and thermodynamics of the
transformation of a solvent incorporated pseudo-polymorph into a unique single component
monolayer. DFT calculations of the electronic and vibrational energies of these systems were
performed on the system in contact with the gas phase and it was found that the HEX structure
was the most energetically stable on the basis of energy per unit area on the surface. The desorption
energies into solution were estimated using a model first proposed by Campbell and slightly
modified here. The use of these gas phase transition state energies and solution phase adsorption
energies allowed for the calculation of limiting rates of desorption. The same adsorption energies
allowed computation of equilibrium properties for the systems in contact with solvent.

Rates of desorption from the REC structure of two common solvents (toluene and 1,2,4-

trichlorobenzene) were contrasted and it was found that they differed by several orders of
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magnitude in the vapor phase, but that the difference was significantly reduced in solution.
Considering that TOL and TCB are of similar size and both have the similar 7 structure, why
would one be more stable than the other? The primary driver for the difference in stability of the
pseudo-polymorphs was the difference in electronic adsorption energies and the associated
increased desorption rate of toluene versus TCB. Moreover, it was found that both the energy of
adsorption of the solvent onto substrate and the intermolecular interactions of the solvent with the
surrounding tectons must be considered. The energy of adsorption of the solvent onto the substrate
in the absence of the second component cannot account for the stability of the binary system. This
is a fundamentally important observation that should apply to any host-guest system.

The equilibrium thermodynamic concentration of CoOEP in solutions of either TOL or TCB
were calculated by statistical mechanical methods. It was found that the HEX form is the
equilibrium form at all practical concentrations at room temperature. Thus, the REC structures are
kinetically driven structures. We suggest that the more rapid rate of desorption of TOL from the
TOL-REC lattice (traceable to its lower adsorption energy) is what makes the TOL-REC structure
less stable than the TCB-REC structure.

It was also discovered that the orientation of adsorbing molecules plays a significant role in
determining the potential energy surface for adsorption when the host molecules are not
completely planar. In this case, the small ‘crown’ of CH3 groups surrounding the porphyrin cores
was enough to significantly affect the shape of the potential energy curves for different solvent
adsorption trajectories. Interestingly, orientational dependent changes in the adsorption potential
energy curve have no effect on the desorption rate calculated using Eyring’s reaction rate theory.

Two different DFT functionals were used in this calculation and the corresponding desorption

energies varied significantly (~14%). The computed corrections to the desorption energies due to
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solvent wetting were large, of the order of 50% of the gas phase electronic energies. The computed
rates were extremely sensitive to the transition state energy values, varying an order of magnitude
with a 5% change in the transition state energy at 298K. Moreover, the activation energy for
adsorption from solution was not included in the calculation. Thus, the rates calculated in Table 4
should be viewed as limiting values, not quantitative values. The SCAN+rVV10 adsorption
energy values, when modified to obtain an estimate for the activation energy, seem most consistent
with the known REC desorption rate at 135°C. The conclusion that the HEX structure is the
thermodynamically stable structure at all practical concentrations of CoOOEP, on the other hand, is

robust.
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