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reactants, and using catalysts to decrease 
the activation energy. In this study, a 
23-fold-increased rate constant for elec-
trophilic metal coordination reactions was 
observed not by the abovementioned gen-
eral solutions but by a surface of layered 
aluminosilicate (LAS). This increase is 
remarkable because the LAS is known to 
be chemically inert (no catalytic function), 
and the collision frequency is expected to 
decrease owing to the surface.

This work was motivated by our pre-
vious findings as follows. In 2017, we 
reported that the redox potential of an 
electrochromic material (iron(II) terpy-
ridine) in the presence of LAS was lower 
than that in the absence of LAS,[1] as 
determined by cyclic voltammetry. X-ray 
photoelectron spectroscopy (XPS) meas-
urements revealed that the Fe 2p binding 
energy decreased after adsorption, indi-

cating that the cationic moiety (metal center, Fe2+) of the metal 
complex was electrostatically neutralized by the anionic surface. 
Because the complex was electrochromic, this electrostatic neu-
tralization reduced the working voltage of the electrochromic 
device. These results experimentally confirmed the perturbation  

To increase chemical reaction rates, general solutions include increasing 
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and anionic surface. According to the Arrhenius plot, the frequency factor (A) 
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1. Introduction

To increase chemical reaction rates, general solutions include 
increasing reactant concentrations to increase collisions, 
raising the temperature to overcome the activation energy of the  
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of the intramolecular electron distribution by electrostatic 
adsorption. Although the causality is simple, the electron distri-
bution change of molecules on the surfaces and the effects on 
chemical properties have not been sufficiently studied.

Previous findings suggest that some chemical reactions 
should also be accelerated by LASs. However, at the same 
time, the lower collision frequency between substrates and 
reactants, because parts of the molecules are obscured by the 
surface is expected to decelerate the reaction. In this work, we 
aim to determine how to exploit the advantage of the electron 
distribution change of molecules on surfaces despite their 
obscuring.

Thus, in this study, the metal coordination reaction of a cati-
onic porphyrin such as trimethylammoniophenyl porphyrin 
(H2TMAP) was investigated as an example of an electrophilic 
reaction in the presence and absence of an LAS (Equations (1) 
and (2)).

+ → ++ + +H TMAP Zn Zn TMAP 2H2
2 2 � (1)

− + → − ++ + +H TMAP LAS Zn Zn TMAP LAS 2H2
2 2 � (2)

Zn2+ was selected as the metal ion because zinc porphyrins 
do not readily undergo demetallization. In addition, zinc por-
phyrins are among the few porphyrins that exhibit a relatively 
long-lived excited singlet state, as demonstrated by their use in 
artificial photosynthesis systems. Another benefit of utilizing 
LAS is the possibility of optical observations due to its trans-
parency in the visible region. The metal coordination reac-
tion of the porphyrin molecules at the metal-vacuum interface 
was observed by surface science techniques such as scanning 
tunneling microscopy.[2] In these experiments, the activation 
energy was estimated by counting molecules one by one. In our 
system, the reaction rates in each case were determined from 
time-dependent absorption spectra. Furthermore, the causes of 
the differences in the rates are discussed based on data from 
solid-state NMR, XPS, and theoretical calculations. We believe 
that this novel method to improve chemical reactivity is an 
important approach owing to its simplicity and convenience 
compared with organic synthesis techniques such as the intro-
duction of substituents.

2. Results and Discussion

H2TMAP (Figure 1) was selected for this study to observe 
its metalation reaction in the presence and absence of LAS, 
which electrostatically binds to the cationic sites of porphy-
rins. Although tetrakis(1-methylpyridinium-4-yl) porphyrin 
(H2TMPyP), which belongs to the same class of porphyrins 
(phyllo-type with occupied meso-positions), has also been 
examined for its photochemical properties on surfaces, it 
was not the focus of this study because its Q-band under-
goes broadening on the surface of LASs and the spectral 
changes upon metalation are not as clear as those obtained 
for H2TMAP. The degree of broadening is attributed to the 
flexibility of molecules. Less co-planarization of H2TMAP 
upon adsorption prevents the broadening due to its bulky 
meso-substituents.

2.1. Structure of H2TMAP in a Vacuum

The optimized structure of H2TMAP in a vacuum calculated at 
the B3LYP/6-31G** level of theory using Gaussian 16 software 
is shown in Figure 1. The dihedral angle between the porphyrin 
ring and each trimethyl-anilinium group is estimated to be 
63.73°. This angle is governed by the balance between the steric 
hindrance preventing rotation of the trimethyl-anilinium group 
and stabilization due to conjugation. The structure in water 
is considered to be identical. The dihedral angle is almost the 
same as that calculated for tetra-phenylporphyrin (H2TPP) by 
the M05-2X density functional theory method.[3]

2.2. Electronic Distribution Transition upon Surface Adsorption; 
Absorption Spectra

Because the intercationic distance of H2TMAP (1.31 nm) and the 
average interanionic distance of the LAS surface (1.20  nm) are 
similar, H2TMAP can electrostatically bind to LAS in a monomeric 
fashion at up to 100% versus cation exchangeable capacity (CEC).[4] 
In other words, the cations and anions interact in a 1:1 ratio. The 
monomeric adsorption was confirmed by the unchanged absorp-
tion spectra at up to 100% versus CEC. The λmax of the Soret band 
for H2TMAP was 412  nm in water, and the peak redshifted by 
12 nm upon binding to the surface.[4] The λmax of the Q band (I) 
for H2TMAP was 634 nm, and the peak redshifted by 12 nm upon 
adsorption. Adsorption onto graphene, metals, or aluminosilicates 
induced a decrease in the dihedral angle between the porphyrin 
ring and meso-substituents.[2,4–6] Some studies have evaluated the 
dependence of the shift widths of cationic porphyrins on the dihe-
dral angle.[2,4] A smaller dihedral angle is accompanied by overall 
structural distortion and a higher energy, but the structure is sta-
bilized by the entire system including the anionic surface because 
of the enthalpic stability afforded by the electrostatic attraction.[4] 
The smaller shift width for H2TMAP than for H2TMPyP (31 nm) 
was attributed to the smaller decrease in the dihedral angle due to 
the bulky trimethylanilinium groups. However, the change in the 
intramolecular electron distribution upon adsorption is not suffi-
ciently well understood to control the chemical reactivity.

2.3. XPS

The N 1s XPS spectrum of H2TMAP contained three peaks. 
The spectrum obtained with 500 cumulative scans is shown in  

Small 2023, 19, 2205857

Figure 1.  Optimized structure of H2TMAP in a vacuum.
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Figure 2 (top). Deconvolution afforded three peaks centered at 
402.2, 399.5, and 397.5 eV, which are assigned to N+, NH, and 
N, respectively. The ratios of each species based on the chem-
ical structure are 2:1:1 and their relative areas are 53, 32, and 15%. 
The rather small ratio of N is attributed to the damage by X-ray 
irradiation. The N+ peak located at the highest energy as a result 
of the relatively low electron density because of the vicinity of the 
cation. Although the positive charge is conventionally written on 
the nitrogen atom, it should be noted that the cationic charge on 
the trimethyl-anilinium moiety of H2TMAP (Figure  1) is local-
ized on the methyl hydrogens owing to their lower electronega-
tivity. The N 1s XPS spectrum for H2TMAP-LAS is presented in 
Figure  2 (bottom). The total peak area was smaller (38%) than 
that for H2TMAP because the signals are from several nanom-
eters in depth where the density of H2TMAP is diluted with LAS 
(1 nm thickness). Deconvolution of N 1s reveals the presence of 
four types of nitrogen states centered at 405.3, 402.8, 399.8, and 
397.4  eV (relative areas: 5, 42, 41, and 12%). Judging from the 
peak positions and the relative areas, the two peaks at the highest 
binding energy are attributed to N+, which is shifted to higher 
energy upon adsorption (Figure 2 (bottom)). A similar shift was 
reported for H2TMPyP on LAS.[7] This shift is ascribed to the 
electrostatic neutralization due to the anionic surface, which is 
explained in detail below. The binding energy of N+ is not iden-
tical on LAS because the distance between the cationic moiety of 
the porphyrin and the anionic charge on the surface cannot be 
always same since the anionic charges’ distribution on the surface 
is random to some extent. The other two peaks do not exhibit a 
discernible shift, because only N+ is the closest species to the cati-
onic charges and thus its electron density is the most susceptible 
to adsorption. Increasing the number of scans to 2000 did not 
improve the signal-to-noise ratio, but the total area decreased. The 
deconvolved peak positions were consistent with those obtained 

after 500 scans. However, the relative area of the peak corre-
sponding to N is decreased to 5%, which may indicate that this 
moiety is more sensitive to damage during X-ray irradiation.

2.4. Solid-State13C NMR

Solid-state13C NMR spectra were recorded for H2TMAP (Figure 3,  
black line), LAS, and H2TMAP-LAS (Figure 3, red line). Upon 
adsorption, drastic spectral changes were observed. In the case 
of H2TMAP, the peak corresponding to the carbon atoms of the 
methyl groups (57.6  ppm) is observed in the typical region of 
carbon atoms in CCl bonds (electronegativity: 2.50 and 2.83). 
After adsorption, however, new peaks are emerged at 31.3 and 
36.7  ppm, which lie in the typical region of carbon atoms in 
CBr bonds (electronegativity: 2.50 and 2.74). This indicates 
that the electron density of these carbon atoms is magnified 
upon adsorption. Furthermore, the presence of multiple peaks 
for H2TMAP-LAS suggests that the electron densities of the 
carbon atoms of the methyl groups are no longer equivalent 
after binding to the surface.

The peaks in the range of 110–150 ppm are assigned to the 
carbon atoms of the porphyrin and aniline rings, including the 
α, β, meso, 1′, 2′, 3′, and 4′ positions (atom labeling is depicted 
in the inset of Figure 3).[8] All seven peaks are not distinct for 
some reason, so each peak could not be assigned. The calcu-
lated chemical shifts and the assignments for H2TMAP are 
superimposed at the bottom of Figure 3. Upon binding, some 
of these peaks are shifted to a lower field (163.5 ppm), which is 
the same region as carbon atoms bonded to oxygen. No peaks 
are observed for LAS itself as shown in Figure 3. As a reference, 
a solution-state13C NMR spectrum of H2TMAP is presented in 
Figure S1, Supporting Information (left).

2.5. Solid-State1H NMR

The solid-state1H NMR spectrum of H2TMAP without LAS 
contained three peaks centered at 8.23, 3.99, and 3.24 ppm as 
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Figure 2.  N 1s XPS spectra of H2TMAP (top) and H2TMAP-LAS (bottom). 
The black lines show the observed spectra. The yellow, blue, light green, 
and green lines show the obtained spectra after deconvolution. The thin 
gray line shows the superimposed spectrum. The percentages refer to the 
relative area for each deconvolved spectrum.

Figure 3.  Solid-state13C NMR spectra of H2TMAP with LAS (red line) and 
without LAS (black line).
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depicted in Figure 4. The peak at the lowest magnetic field is 
assigned to the aromatic ring protons, and the higher two peaks 
are assigned to the protons of the trimethyl groups. Therefore, 
although the methyl protons are equivalent and appeared as a 
quartet in the solution-state1H NMR spectrum (Figure S1, Sup-
porting Information, right), they appeared not to be equivalent 

in the solid-state. For H2TMAP with LAS, the peak at the 
highest field is shifted to 0.27 ppm (Figure 4). This observation 
is consistent with the results observed for C-methyl by solid-
state13C NMR spectroscopy.

No peak corresponding to NH (known to occur between 
−2 and −3  ppm owing to the ring-current effect) is observed, 
although the reason for this remains unclear.

On the basis of the XPS and solid-state NMR results (sum-
marized in Chart S1, Supporting Information), the proposed 
electron distribution changes at the N+(CH3)3 moieties of 
the trimethyl-anilinium groups due to adsorption are illus-
trated in Figure 5. In the absence of LAS, the cationic elec-
trons are more uniformly delocalized over the hydrogen 
atoms owing to their relatively low electronegativity (Figure 5, 
left). In contrast, the peak shifts to a higher magnetic field in 
both 13C and 1H NMR spectroscopy upon binding with LAS, 
indicating that some of the carbon and hydrogen atoms of 
the methyl groups possess an increased electron density. 
This suggests the occurrence of dielectric polarization on 
the trimethyl-anilinium group due to the electric field origi-
nating from the anionic surface (Figure 5, right). This change 
in macroscopic properties is also consistent with the NMR 
results. The XPS analysis, on the other hand, reveals that the 
electron density is decreased at the nitrogen atoms of the tri-
methyl-anilinium group. This indicates that the localization 
of the electrons at the nitrogens due to their electronegativity 
is weaker, since  the dielectric polarization enhances the elec-
tron density at some part of the methyl groups, as described 
above.

Small 2023, 19, 2205857

Figure 4.  Solid-state1H NMR spectra of H2TMAP (top) and H2TMAP-LAS 
(bottom).

Figure 5.  Proposed electron distribution changes at the trimethyl-anilinium groups due to the anionic surface based on the results of XPS and solid-
state1H and 13C NMR spectroscopy.
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With respect to the porphyrin ring, the electron densities at 
the NH and N moieties do  not exhibit apparent shifts 
by XPS. In addition, although the 1H and 13C NMR peaks in 
the aromatic region are shifted to a lower magnetic field (less 
electron density), the identities of these peaks have not yet been 
determined.

2.6. Theoretical Calculations

Theoretical calculations were performed to obtain a more com-
prehensive understanding of the system. The LAS surface 
was modeled as a slab consisting of Si112O360Al8Mg60H60 (600 
atoms). The Al3+ ions were arranged such that the distances 
between them were 10.5 and 14.6 Å (Figure S2, Supporting 
Information, top). We considered two different adsorption pat-
terns, taking into account the symmetry of the arrangement of 
atoms on the surface (Figure S2c,d, Supporting Information). 
It was found that the structure in which H2TMAP is placed on  
the surface so that the distance between the carbon atoms of 
the methyl groups and the Al3+ ions is as small as possible 
is the most energetically favorable structure. Therefore, we 
adopted this as a model.

The average dihedral angle for H2TMAP on LAS is found 
to be 61.3°, which is 2.4° smaller than that determined under 
vacuum. Compared with that when H2TMPyP is adsorbed to 
the surface of LAS, the dihedral angle is smaller owing to the 
bulkier meso-substituents (trimethylanilinium groups).

Upon adsorption, an enhanced electron density (yellow 
area in Figure 6) is observed at both the outer face of the por-
phyrin (the side exposed to the solvent) and the oxygen on 
the LAS surface. In contrast, the electron density is found to 
decrease at the inner face of the porphyrin (light blue area in 
Figure 6).

The negatively charged surface also induced polarization in 
the normal direction of the porphyrin ring plane of H2TMAP 
due to the high electronegativity of oxygen and the isomorphic  
substitution between Si4+ and Al3+. The top view of the struc-
ture (Figure S3, Supporting Information) shows that the elec-
tron density increased all over the outer face after adsorption. 
The effect of surface polarization on the adjacent cell was mini-
mized by introducing a sufficiently thick vacuum layer of 30 Å. 
The electrostatic potential profile is confirmed to be flat in the 
vacuum region, suggesting that the effects of surface polariza-
tion do not extend to the neighboring cell (Figure S4).

The theoretically simulated electron distribution after adsorp-
tion is consistent with that expected for the trimethyl-anilinium 
moiety based on the XPS and NMR results (Figure 5), and the 
simulation results indicate that similar dielectric polarization 
occurrs  over the entire molecule upon binding to the anionic 
surface.

2.7. Metalation Reaction at the Surface

To provide a specific example of a chemical reaction that is 
accelerated on a surface, metal coordination by the cationic 
porphyrin was examined in this study (Prior to metalation, 
the protonation of H2TMAP and H2TMPyP was studied in the 
presence and absence of LAS. The details are described in the 
Supporting Information and in Figure S5, Supporting Infor-
mation). To investigate this reaction, H2TMAP and H2TMAP-
LAS were mixed with zinc(II) chloride in a specific molar ratio 
in water at room temperature (22 °C), and time-dependent 
absorption spectra were recorded (Figure 7). H2TMAP exhibits 
a phyllo-type spectrum, in which the intensities of the Q-band 
peaks decrease in the order of IV > II > III > I (black lines in 
Figure  7). In general, the four peaks of the Q-band obtained 
for free-base porphyrins are observed as two peaks (α and β, 
where α occurs at a shorter wavelength) upon metal coordina-
tion.[9] At a 1:1 molar ratio, the difference in the reaction rates 
for metal coordination at 327 K in the absence and presence 
of LAS was not clear because of aggregate formation by LAS 
inclusion due to the longer reaction time hindered analysis 
such as deconvolution. To decrease the reaction time, the 
H2TMAP:Zn2+ molar ratio was increased to 1:5, 1:10, 1:20, 
1:30, and 0.5:20 (1:40). At these ratios, the reaction rate in the 

Small 2023, 19, 2205857

Figure 6.  Theoretically calculated structure of H2TMAP-LAS (side view). 
The red spheres indicate oxygen atoms. An isosurface plot of the charge 
density difference upon adsorption of H2TMAP on the surface with an 
isodensity value of 0.007 e Å−3 is overlaid on the structure. The yellow and 
light blue areas indicate regions where the electron density increased and 
decreased, respectively.

Figure 7.  Q-band spectra for H2TMAP immediately after mixing with 
ZnCl2 (black lines) and after 8 days (red lines) in the absence (left) and 
presence (right) of LAS.
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presence of LAS was faster than that in the absence of LAS. The 
time-dependent changes in the spectral shapes of the Q-band 
obtained for H2TMAP and H2TMAP-LAS after mixing with 
zinc(II) chloride are presented in Figure 7. For stable observa-
tion, the molar ratio was fixed at 1:20. After 8 days, although 
the system without LAS remained unchanged (Figure 7, left), 
the system containing LAS showed two larger peaks (red line 
in Figure  7, right). A larger absorbance for the α peak than 
the β peak indicates the formation of a stable square-planar 
complex between the metal and the porphyrin.[9] This indicates 
that the electron densities of H2TMAP and H2TMAP-LAS are 
significantly different and that binding to LAS is advantageous 
for the metal coordination reaction.

2.8. Determination of the Frequency Factor and Activation Energy

The chemical reactions occurring in the absence and presence 
of LAS can be expressed in Equations (1) and (2).

The orders of the reaction (α, β) in Equation (3) were deter-
mined to be 1 and 2, respectively, based on the time-dependent 
spectra obtained at H2TMAP:Zn2+ ratios of 1:5, 1:10, 1:20, 1:30, 
and 1:40 (at 327 K) in the presence and absence of LAS. The 
order of the reaction for metal coordination by porphyrin mole-
cules depends on the combination of the metal ions, porphyrin 
structures, and their concentrations.[10] In the case of H2TMAP 
and Zn2+, the coordination reaction is expected to proceed via a 
multistep process including an intermediate.

The ratios at each time point were estimated by reproducing 
the spectrum based on those at the beginning and end of the 
experiment. The details of this calculation are described in the 
Supporting Information (Table S1, Supporting Information).

v k H TMAP Zn2
2[ ]=  

α β+ � (3)

where α = 1 and β = 2.
Then, the rate constants (k) at a ratio of 1:20 were calculated 

to be 8.74 × 104 and 2.00 × 106 L2 mol−2 min−1 in the absence and 
presence of LAS, respectively. Thus, the rate constant increased 
23-fold on the LAS surface. The details of this calculation are 
provided in the Supporting Information. Although this result 
was anticipated from the results of XPS, solid-state NMR spec-
troscopy, and protonation reaction experiments (Supporting 
Information), such an increase was surprising because the col-
lision frequency of the metal coordination reaction is supposed 
to decrease owing to the LAS surface.

Thus, the rate constants were determined at three additional 
temperatures (301, 309, and 317 K) to generate an Arrhenius 
plot and estimate the frequency factor (A) and activation energy 
(Ea) based on the following equation (Figure 8, Table S1, Sup-
porting Information).

k Aexp E / RTa( )= − � (4)

where R is the gas constant (J K−1 mol−1) and T is the tempera-
ture (K).

The values of A and Ea were determined to be 1.55 × 1017 
and 76.56 kJ mol−1 in the absence of LAS and 1.32 × 1020 and  
86.59 kJ mol−1 in the presence of LAS, respectively.

A comparison of the plotted data led to the following con-
clusions: 1) the reaction rate increased significantly when 
H2TMAP was adsorbed on the LAS surface, 2) the values of 
activation energy remained similar regardless of the presence 
of LAS, and 3) the frequency factor increased  significantly 
when H2TMAP was adsorbed on the LAS surface. There-
fore, the higher reaction rate was attributable to the higher 
frequency factor on the surface. This was an unexpected 
consequence because the frequency factor was expected to 
decrease owing to one side of the molecule being obscured 
by the surface, preventing the approach of the metal ions. 
However, this finding can be rationally explained from the 
observed and calculated structures, where the electron dis-
tribution is localized at the outer side of the molecules when 
they are bound to the surface. In this system based on LAS, 
more metal ions are electrostatically attracted to the outer sur-
face of the molecules, such that the reaction rate increases 
despite the obstruction of the other side of the molecule. This 
is a remarkable example demonstrating that even chemically 
inert materials such as LASs have the potential to accelerate 
chemical reactions.

On the basis of a previous report suggesting that a smaller 
metal-nitrogen bond distance leads to a more stable metal-
coordinated structure,[11] Cu2+, which has a shorter metal-
nitrogen bond (1.98 Å) than Zn2+ (2.05 Å), was added to the 
LAS-based system instead of Zn2+ to observe the effect on the 
reaction rate at room temperature (H2TMAP : Cu2+ was 1:5 
because the rate was too fast to observe for 1:20). The metal-
coordination reaction was confirmed to be faster, in accordance 
with previous experiments, which were performed in solution 
(Figure S6, Supporting Information). Furthermore, a change 
in the time-dependent absorption after adding H2TMAP 
(16%  versus CEC) solution to the Cu2+-LAS dispersion was 
observed. On this surface, the H2TMAP:Cu2+ ratio was 1:12.5, 
where the amount of Cu2+ was high enough to show the reac-
tion acceleration in a system using the parent LAS. However, 
the spectral change, which indicates metal coordination, was 
not observed in this system. This result eliminates the possi-
bility that the acceleration of the coordination reaction occurs 
due to the concentration of metal ions at the surfaces. Counter 
cations presumably distribute evenly on the surface according 
to the disposition of surface anions, so that the concentration 

Small 2023, 19, 2205857

Figure 8.  Arrhenius plot for the metal coordination reaction between 
Zn2+ and H2TMAP (black circle) or H2TMAP-LAS (red circle).
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of cations will not be high enough to show the reaction rate 
acceleration. At the same time, the desorption of two Cu2+ ions 
due to the adsorption of a H2TMAP molecule (four-valent) may 
disturb the efficient interaction between them.

3. Conclusion

In this study, we determined how the rate constant of the elec-
trophilic reaction was increased on the surface of the LAS even 
though the surface obscures the collision of reactants. We con-
cluded that the localized electron at the outer side of molecules 
in the complex electrostatically accelerates the electrophilic 
reaction of metal ions, which results in the enhancement of 
the frequency factor at the surface. Although this type of LAS 
is chemically stable and has no catalytic function, its effect on 
the electron distribution was greater than we expected (23-fold 
compared with the solution system). At least when the molar 
ratio of Zn2+ is more than five relative to that of TMAP, the 
impact of increasing of the frequency factor exceeds the impact 
of surface obscuration.

Although the acceleration of the reaction by controlling acti-
vation energies has been widely studied using catalysis, control-
ling the frequency factors without increasing the concentration 
has not been well explored. Thus, this approach would be a 
new strategy to improve the reaction rates of chemical reactions 
such as organic synthesis. We anticipate the same effect for var-
ious inorganic anionic surfaces, including niobium or titanium 
salts, or even metal oxides with polar surfaces. For photochem-
ical device fabrication, the reported method may be applicable 
in one-pot syntheses of organic–inorganic hybrid complexes 
such as artificial photosynthetic systems.

4. Experimental Section
LAS, a swellable 2:1 layered synthetic silicate with a tri-octahedral sheet 
([(Si7.20Al0.80)(Mg5.97Al0.03)O20(OH)4]−0.77(Na0.77)+0.77), was provided by 
Kunimine Industries and was purified by repeated decantation from 
water and washing with ethanol. Surfaces were typically obtained by 
full exfoliation in water to prepare single layers of LASs. The thickness 
of each sheet was 1  nm, and the surface was flat at the atomic level. 
Exchangeable cationic ions, such as sodium ions, could be replaced by 
cationic substances. Cu2+-LAS was prepared by dispersing LAS powder 
into a CuCl2 solution, followed by repeated washing using centrifugation 
with distilled water. p-Toluenesulfonate salts of 5,10,15,20-tetrakis(4-
trimethylammoniophenyl)porphyrin (H2TMAP) and tetrakis(1-
methylpyridinium-4-yl) porphyrin (H2TMPyP) were obtained from Sigma 
Aldrich and Frontier Scientific, respectively, and the counterions were 
exchanged to Cl− using an ion-exchange resin (H2 denotes the free-base 
form). Distilled water was purchased from Fujifilm. Buffer solutions 
at various pH values were prepared by mixing sodium hydroxide, 1  m 
hydrochloric acid, and potassium hydrogen phthalate (all from Fujifilm) 
at the appropriate concentrations.

Porphyrin-LAS complexes were prepared by mixing a porphyrin 
solution and a LAS dispersion. These species combined through 
electrostatic attraction.[4,12,13] The loading level was 16%  versus CEC for 
the absorptiometer samples and 100% versus CEC for the XPS and NMR 
samples. LASs were ideal materials for evaluating the structures and 
properties of adsorbed molecules because they were chemically inert and 
have a precisely determined shape.[7,14–18] In addition, the occupied area 
per anion of 1.25 nm2 (average distance between anionic sites: 1.20  nm) 
on the surface was favorable for the adsorption of molecules because it 

was comparable to a typical molecular cross-section.[13a] A tetra-cationic 
porphyrin, H2TMPyP, whose distance between adjacent cationic sites was 
1.05  nm, was known to adsorb onto the surface in the same manner as 
the monomer with up to 100% of the CEC.[12,13a] This indicated that the 
cationic sites of the porphyrin and the anionic sites of the surface interacted 
in a 1:1 ratio. It should be noted that the adsorption equilibrium constant 
for this system was large, with all of the porphyrin molecules adsorbing 
immediately to the surface at loading levels of less than 100% versus CEC 
in water.[5] Furthermore, it was recently revealed that the N 1s XPS spectra of 
H2TMPyP indicated an increase in the binding energy of the pyridinium N+ 
atoms and a decrease in that of the internal N moieties at the surface of 
the LAS.[6] These changes in the electron distribution around nitrogen due 
to the anionic surface suggested that such surfaces may alter the reaction 
rates of substrates by inducing a particular electron distribution. Based on 
this suggestion, it was hypothesized that an electrophilic reaction such as 
a metal coordination reaction occurred at the internal N moieties of 
porphyrin molecules could be accelerated on the surface of LAS.

XPS analysis was performed on a Quantum-2000 system 
(ULVAC-PHI). Tablet samples with a diameter of 10 mm were prepared 
from LAS, H2TMAP, and their hybrid complex using a tablet press. The 
excitation source was Al–Kα, and the X-ray tube voltage was 15 kV. The 
pass energy was 58.7 eV, and the step size was 0.125 eV. The cumulative 
number of scans was 500 or 2000 for N 1s and 50 for C 1s. The horizontal 
axis was corrected based on the peak position of C 1s at 284.5 eV.

Solid-state13C NMR spectroscopy was performed on a JEM-ECA400 
system (JEOL) with a 13C cross polarization-magic angle spinning-total 
suppression of spinning sideband, a frequency of 100.5253  MHz, a 
spectral width of 40.2  kHz, a pulse width of 3.34 µs, 2048 observation 
points, a cumulative waiting time of 5 s, and a sample rotation 
frequency of 6 kHz at room temperature. Powder samples of H2TMAP, 
LAS, and their hybrid complex (100% loading versus CEC) were used. 
Solid-state1H NMR spectroscopy was conducted on an Ascend TM400 
instrument (Bruker) with 1H magic angle spinning, a frequency of 
400.1709844 MHz, a spectral width of 100 kHz, a pulse width of 3.8 µs, 
2048 observation points, a cumulative waiting time of 5 s, 16 scans, and 
a sample rotation frequency of 10, 12, or 15 kHz at room temperature. 
The samples were the same as those used for the solid-state13C NMR 
experiments. In both cases, the horizontal axis was corrected using an 
external standard (adamantane).

Solution-state1H NMR and 13C NMR spectroscopy were performed 
on a JNM-ECX400 system (JEOL). H2TMAP was dissolved in deuterium 
oxide. The chemical shift values were referenced to the solvent residual 
carbon signal as an internal standard (deuterium oxide for 1H NMR and 
methanol for 13C NMR).

Absorption spectra were recorded on a UV2600 spectrometer 
(Shimadzu). The samples were transferred to quartz cuvettes with an 
optical path length of 10  mm. A temperature controller (TCC-240A, 
Shimadzu) was attached to evaluate the temperature dependence.

The structure of H2TMAP4+ in a vacuum was optimized using 
Gaussian 16[19] at the B3LYP-D3(BJ)/6-31G** level of theory.[20] The 
structure of H2TMAP adsorbed on the LAS surface was determined by 
optimizing the structure of a periodic slab model using VASP version 
5.4.4.[21] Details of the slab model construction are described in the 
Supporting Information (see Figure S2, Supporting Information). 
The PBE functional[22] with the D3(BJ) dispersion correction scheme 
was adopted. The electron-ion interactions were treated within the 
projector augmented wave scheme.[23] A plane-wave basis set cutoff of 
400 eV, a self-consistent field tolerance of 1.0 × 10−5 eV, Brillouin zone 
sampling on a grid with a spacing of 2π × 0.05 Å−1, and a 0.03 eV Å−1  
threshold of atomic forces were used. The theoretically calculated 
structures presented throughout this paper were visualized using 
VESTA.[24]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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