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The molecular interactions of monosulfonate tetraphenylporphyrin (TPPS;) and meso-tetra(4-
sulfonatophenyl)porphyrin (TPPS) with dimethyl methylphosphonate (DMMP) have been investigated
by UV-vis and fluorescence spectroscopies. The association constants and interaction stoichiometries
of the bindings were obtained through Benesi-Hildebrand (B-H) method. Particularly, both linear and
nonlinear fitting procedures were performed to evaluate the possible 1:2 interactions. Experimental
results showed that hydrogen-bonding interactions existed in both of the two systems, resulting in
regular changes in the absorbance and fluorescence characteristics of the porphyrins. The association
constants and stoichiometries determined from absorbance and fluorescence studies were in excellent
agreement. Using a nonlinear fitting method, we demonstrated that the one-step 1:2 interaction took
place in the TPPS;-DMMP system, and the association constants were determined to be 71.4M~' by
absorbance measurements and 70.92 M~! by fluorescence measurements. The interaction stoichiome-
try of the TPPS-DMMP system was 1:1, and the association constants were determined to be 16.06 M~!
by absorbance measurements and 16.03 M~! by fluorescence measurements. It was concluded that the
interaction between TPPS; and DMMP was stronger than that between TPPS and DMMP.

© 2009 Elsevier B.V. All rights reserved.
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1. Introduction but being non-toxic, named simulants [2]. Dimethyl methylphos-
phonate (DMMP) (Scheme 1) is usually used as a simulant in the

Using chemical warfare agents (CWAs) as a weapon of terror- lab for the detection of sarin. The research about the detection of

ism has become a real existing threat. The large-scale repeated
uses of nerve gases during Iran-Iraq war in the 1980s against civil-
ians by Iraqi troops and during terrorist attacks in the 1990s by
the Aum Shinrikyo sect in Japan emphasize the constant danger
[1]. Since the CWAs, especially the nerve agents, are highly toxic,
early alert and sensitive detection of these agents in trace level is
of great importance. Accordingly, the study on detection of nerve
agents has become a most active field. Due to the toxicity of the
agents and usage restrictions, research on the detection of CWAs is
often conducted using compounds with similar chemical structures
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DMMP lays a foundation for the detection of nerve agents. Such
an endeavor is important for homeland security and environment
monitoring.

Porphyrins are a type of macrocyclic organic molecule, which
have been used for the detection of hazardous [3,4], toxic gases
[5-7], environment pollutant nitro-aromatic compounds [8], insec-
ticides and pesticides [9,10]. A porphyrin binding to another
molecule will generate a complex that s likely to involve interaction
with or perturbation of the extended w-bond network above and
beneath the plane of the porphyrin. Since the spectrophotometric
characteristics of the porphyrin are dictated by these m-orbitals,
binding or interaction with another molecule is expected to alter
the porphyrin spectrophotometric characteristics [11]. White and
Harmon [12] demonstrated that the presence of individual organic
molecules strongly affects the spectrophotometric characteristics
of porphyrins.
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Scheme 1. Chemical structures of DMMP, TPPS; and TPPS.

Monosulfonate tetraphenylporphyrin (TPPS;) and meso-
tetra(4-sulfonatophenyl)porphyrin (TPPS) studied in this paper are
meso-sulfonatophenyl substituted porphyrins, whose structural
sketches are shown in Scheme 1. The two compounds have similar
chemical structures, with the difference only in the number of
the -SO5~ groups. Our previous reports indicate that both TPPS;
and TPPS can be used to detect DMMP due to the spectral changes
associated with the interactions between porphyrins and DMMP.
While TPPS could detect 1000 ppm DMMP in solution, TPPS; has a
superior DMMP detection sensitivity of 1 ppm. The sensitivity to
DMMP is increased by 1000 times. Because of these differences in
sensing performance, a detailed knowledge about the interactions
of TPPS; and TPPS with DMMP is essential for understanding
the mechanisms involved in the detection process. In this work,
we present the results of spectroscopic study to evaluate the
mechanism in DMMP detection with TPPS; or TPPS. These studies
are important for the development of preventive measures against
CWAs.

2. Experimental and computational method
2.1. Experimental method

2.1.1. Materials and apparatus

TPPS; and TPPS were all obtained from the Frontier Scientific
(Logan, UT, USA) and used without further purification. DMMP was
purchased from the Sigma (St. Louis, MO, USA). Absorbance spectra
were recorded with a LAMBDA 500 spectrophotometer (CT, USA).
Fluorescence spectra were measured on a RF-5301 fluorescence
spectrophotometer (Shimadzu, Japan).

2.1.2. Absorbance/fluorescence measurements
If DMMP interacts with TPPS;/TPPS and causes a change in the
absorbance spectra, the largest change in the spectra will likely be

observed in the Soret region and, for this reason, we have chosen
the wavelength region from 350 to 500 nm to study the interaction
of TPPS; /TPPS with DMMP. Additionally, the excitation wavelength
of TPPS; (414 nm)/TPPS (412 nm) was chosen in order to ensure
that none of the light was absorbed by DMMP. The excitation and
emission slit width was fixed at 5.0 nm. All measurements were
carried out at room temperature.

A 0.2ml of TPPS; (111.308 wM in ethanol)/TPPS (110.496 pM
in deionized water) was transferred into a 10ml volumetric
flask, then different amounts of DMMP were added to yield
final concentrations of 9-540 mM. The mixture was diluted to
10ml with ethanol/deionized water and mixed thoroughly. The
absorbance/fluorescence intensities were determined after letting
it standing for 15 min.

2.2. Computational methods

2.2.1. Computational method for absorbance spectra

Benesi-Hildebrand (B-H) method [13] was used to determine
the association constants and stoichiometries of the hydrogen
bonding interactions in the porphyrin-DMMP systems. If we
assume a porphyrin molecule S interacts with ligand L to form a
1:1 complex SL, that is

S+ LS (1)
then 1:1 B-H equation is as follows:

b 1 1
M - SeK11 A&‘H[L] + S[ASH

where b is the length of absorption cell (b=1.0cm), AA is the
absorbance change during complexation; Aegq=¢&11 —&s — &L,
where €11, & and g are the extinction coefficient of
the complex, substrate (porphyrin) and ligand (DMMP),
respectively; total substrate concentration=S;=[S]+[SL] and

(2)
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Ki1 =[SL]/[S][L] = association constant, where [SL] is the concen-
tration of the complex, [S] is the concentration of the unbound
substrate and [L] is the concentration of unbound ligand. In our
systems L; (total DMMP concentration) was much larger than S,
and we can assume [L] =L;.

By plotting b/AA versus 1/[L], a linear relationship can be
obtained as the sufficient condition of 1:1 interaction in the sto-
ichiometry study. The parameters can then be calculated from the
intercept and slope as follows:

y — intercept

K1 =
n slope

3)

1
Agn = St(y — intercept) @
If the 1:2 interaction between porphyrin and DMMP takes place,
there will be two ways. Firstly, S interacts with L gradually:

S+ LSt (5)
Ky
SL 4 L<2SL, (6)

Then the K; and K, can be expressed as follows:

[SL]

K = S TS = LI — 5L~ 2L )

(7)

[SLy]

2 = BIG — B - 255

(8)

But if it is a one-step interaction in the form of S + y) SL,, then,
we can obtain 1:2 B-H equation:

b 1 1

b + 9)
AA Sy Aey[L]? - StAén

It is generally believed that the b/ AA versus (1/[L])? plot would
assure a straight line for a 1:2 complex. Thus, the 1:1 and 1:2 B-H
methods can help us to obtain the association constants and stoi-
chiometries of the interactions in porphyrin systems.

2.2.2. Computational method for fluorescence spectra
Assuming the composition of the complex is 1:1, the equation
can be expressed as Eq. (10) [14]:

11
F—-Fy Fi—Fy K[H](F - Fp)

(10)

Here Fy and F; are the fluorescence intensities of the porphyrin in
the absence and presence of DMMP, respectively. F is the observed
fluorescence at each concentration of the porphyrin being tested.
[H] is equilibrium concentration of DMMP. By plotting 1/(F — Fp)
versus 1/[H], a linear relationship can be obtained as the sufficient
condition of 1:1 interaction in the stoichiometry study. The associa-
tion constant (K) can then be obtained from the ratio of the intercept
to the slope, and the large association constant indicates the strong
interaction between the porphyrin and DMMP.

Similar to the computational method for absorbance spectra, if
itis a one-step 1:2 interaction, the equation can be expressed as Eq.
(11):

LI S 1
F-Fo Fi—-Fo K[H]*(F - Fp)

(11)

Plotting 1/(F — Fy) versus 1/[H]? would assure a straight line for a
1:2 complex.
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Fig. 1. DMMP in ethanol.

3. Results and discussion
3.1. Absorption spectra

3.1.1. Interaction of TPPS; and DMMP

As shown in Fig. 1, DMMP absorbs only UV light (peak at
213nm) in ethanol. As shown in Fig. 2, the absorption spec-
trum of free TPPS; exhibits a typical Soret band and four Q
bands. The band at 415nm is assigned to the Soret band aris-
ing from the transition of a;y(m)-eg*(), and the other four
absorption maxima (512, 547, 590, and 646 nm) are attributed
to the Q bands corresponding to the ap,(m)-eg*(m) transi-
tion [15]. The Soret band has an extinction coefficient of
1913 x 10°M~1cm~! and the Q-bands have lower extinction
coefficients (g5, =1.00 x 10*M~1cm™1, e547=5.1 x 103 M~1cm™1,
£500=3.6x103M-1cm~! and &g46=3.0x 103 M-1cm~1). These
extinction coefficients have been measured using Beer’s Law in our
laboratory and are used for the calculation in this work.

Interaction of DMMP with TPPS; can result in the decrease in
absorbance of the Soret band of TPPS; and the formation of a new
absorbance band due to the binding of DMMP to TPPS;. The spec-
tral changes are more obvious in the difference spectra when we
subtract the TPPS; absorbance spectrum from the TPPS; + DMMP

L 0.025
05 415 nm o1z

Absorbance

. 1 ) 1 ) 1 . 1 ) 1 ) 1 .
350 400 450 500 550 600 650 700
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Fig.2. TPPS; inethanol. Theinsetin the upper graph shows the spectrum of Q-bands.
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Fig. 3. (A) The absorbance spectra of TPPS; alone and TPPS; + DMMP. (B) The differ-
ence spectrum TPPS; + DMMP minus TPPS; showing a trough at 415 nm and a new
peak at 433 nm. Final concentration: [TPPS;]=2.226 wM, [DMMP] =0, 90, 180, 270,
350, and 450 mM.

absorbance spectrum (point-to-point subtraction) using UV Win-
Lab software. Fig. 3B illustrates the difference spectra showing a
trough (decrease in absorbance) at 415 nm and a peak (absorbance
increase) at 433 nm. After obtaining all difference spectra for all
additions of DMMP (90, 180, 270, 360, and 450 mM), we plotted the
change in absorbance at 433 nm (AA) against the DMMP concen-
tration and observed a hyperbolic dependence of the absorbance
change at 433 nm on the DMMP concentration as shown in Fig. 4.
The 1:1 B-H method (Eq.(2)) and 1:2 B-H method (Eq. (9)) were
used to investigate the association constants and stoichiometries of
the interactions in the two systems. In order to satisfy the approx-
imation condition of [L] ~ L; in the B-H method, the molar ratio of
ligands to porphyrin is designed to be greater than 1000.
Presented in Fig. 5 are the 1:1 and 1:2 plots of a set of experi-
mental data of the TPPS;-DMMP system. It shows that the linear
fit of 1:1 B-H plot in Fig. 5A (with a correlation coefficient R?
of 0.9791) is less than the linear fit of 1:2 B-H plot in Fig. 5B
(R%=0.9912), suggesting this interaction pair is more likely in the
1:2 form. This result indicates that the interaction pattern between
TPPS; and DMMP could be a one-step 1:2 interaction. The associ-
ation constant (K1) of the TPPS;-DMMP system is calculated to
be 71.4M-1, and the differential extinction coefficient (Aeq;) at
433nm is 1.71 x 104 M~1 cm~. Using Beer’s law we calculate the
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Fig.4. Change in absorbance at 433 nm from the TPPS; + DMMP minus TPPS; versus
DMMP concentration showing hyperbolic dependence on DMMP concentration.
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Fig. 5. 1:1 and 1:2 B-H plots at 433 nm of TPPS;-DMMP system. A is the result of
the 1:1 B-H plot. B is that of the 1:2 plot.
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Fig.6. (A)The absorbance spectra of TPPS alone and TPPS + DMMP. (B) The difference
spectrum TPPS + DMMP minus TPPS showing a trough at 413 nm and a new peak at
434 nm. Final concentration: [TPPS]=2.21 uM, [DMMP] =0, 9, 18, 27, 36, and 45 mM.

extinction coefficients at 433 nm for &5 and ¢ to be 1.02 x 104 and
O0M~1cm1, respectively. Since DMMP in ethanol does not absorb
at all at 433 nm, the extinction coefficient of the TPPS;-2DMMP
complex at 433 nm (&17) is calculated to be 2.73 x 104 M~1 cm~1.

3.1.2. Interaction of TPPS and DMMP

Shown in Fig. 6 are the effects of different concentrations of
DMMP (9-54mM) on TPPS spectrum. Obviously, it shows that
addition of DMMP to TPPS solution shifts the absorption spec-
trum towards higher wavelength side (red shift) accompanied by
a decrease in absorbance at the Soret band (413 nm). Both red
shift and decrease in absorbance at the Soret band are indica-
tive of the binding of DMMP to TPPS. This red-shift results
from TPPS working as an electron acceptor or a proton donor in
the TPPS-DMMP system. Fig. 6B illustrates the difference spec-
tra showing a trough (decrease in absorbance) at 413nm and a
peak (absorbance increase) at 434 nm when we subtract the TPPS
absorbance spectrum from the TPPS + DMMP absorbance spectrum.
The interaction between TPPS and DMMP can be examined in
detail by using the selected UV absorption band around 434 nm.
After plotting the change in absorbance at 434 nm (AA) against the
DMMP concentration, we observed that AA versus DMMP concen-
tration fitted sigmoidal-curve as shown in Fig. 7.
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00— 7T T T T T T T
5 10 15 20 25 30 3% 40 45 50
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Fig. 7. Change in absorbance at 434 nm from the TPPS + DMMP minus TPPS versus
DMMP concentration fitting S-curve.

The 1:1 B-H method (Eq. (2)) and 1:2 B-H method (Eq. (9)) are
also used to investigate the association constants and stoichiome-
tries of the interactions in TPPS-DMMP system. As shown in Fig. 8,
the linear fit of the 1:1 B-H plot (RZ =0.9974) is better than that of
the 1:2 B-H plot (R?=0.9826) in this system. This result indicates
that TPPS and DMMP interaction makes a 1:1 TPPS-DMMP complex
and K71 =16.06 M~! and Agy;=1.08 x 10° M~ cm~! are obtained.
The extinction coefficient of TPPS at 434 nmis 1.38 x 10* M~ cm~1.
Again, since DMMP in deionized water does not absorb at all
at 434nm as shown in Fig. 9, the extinction coefficient of
the TPPS-DMMP complex at 434nm (&q7) is calculated to be
1218 x 10° M~ em~1.

3.2. Fluorescence spectra

3.2.1. Interaction of TPPS; and DMMP

As shown in Fig. 10, TPPS; has two fluorescence emission peaks
with the strong one at 648 nm and the weak one at 710 nm. At the
same condition, DMMP does not show any peak at the same spectral
region (550-750 nm). However, when DMMP was added into TPPS,
the fluorescence intensities of TPPS; increased obviously without
notable emission wavelength shifts (see Fig. 11). The change in fluo-
rescence intensity at 648 nm (F — Fg) decreased as the concentration
of DMMP increased. Presented in Fig. 12 are the 1:1 and 1:2 plots
of the TPPS;-DMMP system. It shows that 1:1 plot (RZ =0.97926) is
less linear than 1:2 plot (R?=0.99418), suggesting the interaction
pair is in 1:2 form. The calculated association constant (K) obtained
from the ratio of the intercept to the slope is K=70.92 M1,

3.2.2. Interaction of TPPS and DMMP

As seen in Fig. 13, the emission of TPPS measured in water is
quenched effectively by DMMP. Both red shift and decrease in fluo-
rescence intensity at 641 nm occurs in the higher concentration of
DMMP used (45 and 54 mM). Based on Fig. 13, a plot of 1/(F— Fp)
versus 1/[H]is givenin Fig. 14. The excellent linear relationship indi-
cates the formation of a 1:1 complex (R% =0.99633) between TPPS
and DMMP. The calculated association constant (K) obtained from
the ratio of the intercept to the slope is K=16.03 M~!. The associ-
ation constants and stoichiometries determined from absorbance
and fluorescence studies are in excellent agreement.
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Fig. 8. 1:1and 1:2 B-H plots at 434 nm of TPPS-DMMP system. A is the result of the
1:1 B-H plot. B is that of the 1:2 plot.
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Fig. 9. DMMP in deionized water.
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Fig. 10. Fluorescence emission spectra of TPPS; (---) and DMMP (—) in ethanol.

3.3. Discussion

All porphyrins have an extensive system of delocalized m elec-
trons, which consists of four “pyrrole” units linked together by four
methine bridges. Porphyrins can be modified by connecting differ-
ent peripheral substitutes, changing the central metal or expanding
the size of the macrocycle [16]. For instance, porphyrins that are
modified with some polar groups, such as sulfonic, carboxylic,
amino, or ammonium groups, become water-soluble. TPPS; and
TPPS studied in this paper are meso-sulfonatophenyl substituted
porphyrins, whose chemical structures are shown in Scheme 1.

The meso-sulfonation of phenyl groups not only has significant
influence on phenyl groups but also alters the structure of the por-
phyrin macrocycle. The effects of the sulfonation on the porphyrin
nucleus is considered to be the consequence of either the resonance
interaction between the aromatic group and the porphyrin rings or
the inductive effect of the —~SO3;~ groups. The resonance interaction
tends to increase the electron density on the atoms of porphyrin
ring, while the inductive effects can decrease the electron density
of porphyrin ring due to the electron-attractive effects of the -SO3~
groups. However, the resonance interaction is less important in the
case of free-base porphyrins, since the aromatic moieties are stere-
ochemically prevented from becoming coplanar with the porphyrin
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Fig.11. Emission spectra of TPPS; (2.226 M) at 414 nm excitation wavelength with:
(a) no DMMP, (b) 135 mM, (c) 180 mM, (d) 225 mM, (e) 270 mM, and (f) 315 mM of
DMMP.
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Fig. 14. 1:1 B-H plot at 641 nm of TPPS-DMMP system.

ring for TPP derivatives. Thus the inductive effect is considered to
play an important role due to strong electron-withdrawing effect
of the -SO3~ groups [17].

In the structure of TPPSy, there is only one -SO3~ group. The
electron density of porphyrin ring decreases due to the electron-
withdrawing effect of the -SO3~ group. However, there is a -P=0
group in the structure of DMMP, resulting in the increase of the
electron density of the oxygen atom. Thus, in the TPPS;-DMMP
system, TPPS; acts as an electron acceptor, and DMMP acts as an
electron donor. As the data demonstrates, the TPPS; interacts with
two DMMP molecules. One is bound to the porphyrin through a
hydrogen bond with a nitrogen atom of the central ring, while the
other one is attracted by the adsorbed one. Electrons donated by
DMMP make the electron distribution symmetric. As fluorescence
spectra demonstrate, when DMMP was added into TPPS;, the fluo-
rescence intensities of TPPS; increased obviously.

In the TPPS-DMMP system, TPPS also acts as an electron accep-
tor due to the electron-withdrawing effect of the -SO3~ groups.
However, four -SO3~ groups in TPPS are completely symmetrical
in the stereostructure. The inductive effect of the —-SO3~ groups is
so weak that a TPPS interacts with only one DMMP molecule. Addi-
tionally, electrons donated by DMMP can destroy the symmetry of
the electron distribution. As seen in fluorescence, DMMP quenches
TPPS emission intensity.

From the molecular structure and electron distribution analy-
sis, effects of extrinsic electrons on TPPS; and TPPS are different.
Extrinsic electrons can increase the symmetry of TPPS;. It is easier
for the interaction between TPPS; and DMMP, and the interaction
strength is also stronger. While electrons can destroy the symme-
try of TPPS, and it is weaker for the interaction between TPPS and
DMMP. Therefore, the sensitivity of TPPS; to DMMP is stronger than
that of TPPS.

4. Conclusion

The molecular interactions of TPPS; and TPPS with DMMP
have been explored by UV-vis spectroscopy. The association
constants and stoichiometries determined from absorbance and
fluorescence studies are in excellent agreement. The interaction
stoichiometry of the TPPS-DMMP system was 1:1 according to
the Benesi—-Hildebrand method, and the association constants were
determined to be 16.06 M~! by absorbance measurements and
16.03 M~ by fluorescence measurements. Using a nonlinear fitting
method, we demonstrated that the TPPS;{-DMMP was a one-step
1:2 interaction pair, and the association constant were deter-
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mined to be 71.4M~! by absorbance measurements and 70.92 M~!
by fluorescence measurements. The greater the association con-
stant, the stronger the interaction between porphyrins and organic
molecules. Therefore, TPPS; has higher sensitivity to DMMP than
TPPS in the detection process. The TPPS; s potential ability to detect
ppm level of DMMP lays a foundation for the detection of nerve
agents, such as Sarin and other organophosphates. It is helpful to
accomplish efficiently environmental monitoring, protect farmers,
first-responders, and military personnel, and decrease the threat of
chemical weapons attacks by terrorist organizations.
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