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Density functional theory 共DFT兲 simulations were used to determine the binding strength of 12
electron-donating analytes to the zinc metal center of a zinc phthalocyanine molecule 共ZnPc
monomer兲. The analyte binding strengths were compared to the analytes’ enthalpies of complex
formation with boron trifluoride 共BF3兲, which is a direct measure of their electron donating ability
or Lewis basicity. With the exception of the most basic analyte investigated, the ZnPc binding
energies were found to correlate linearly with analyte basicities. Based on natural population
analysis calculations, analyte complexation to the Zn metal of the ZnPc monomer resulted in limited
charge transfer from the analyte to the ZnPc molecule, which increased with analyte-ZnPc binding
energy. The experimental analyte sensitivities from chemiresistor ZnPc sensor data were
proportional to an exponential of the binding energies from DFT calculations consistent with
sensitivity being proportional to analyte coverage and binding strength. The good correlation
observed suggests DFT is a reliable method for the prediction of chemiresistor
metallophthalocyanine binding strengths and response sensitivities. © 2009 American Institute of
Physics. 关DOI: 10.1063/1.3134743兴
I. INTRODUCTION

Metallophthalocyanines 共MPcs兲 are porphyrin analogs
that can form highly ordered, chemically inert, and thermally
stable films. They have been studied extensively with both
experimental and theoretical techniques.1–9 More than 70 phthalocyanines with varying electronic properties have been
synthesized, since their chemical properties can be easily
manipulated by changing the metal center or substituting
functional groups to the organic rings.10 Their stability and
widely varying chemical properties make them an attractive
candidate for use in chemical sensors. Bott and Jones11
showed that two-terminal resistive sensors with different
p-type MPc films 共metal-free H2Pc, PbPc, CoPc, CuPc,
NiPc, MgPc, and ZnPc兲 are sensitive to the strong oxidants
NO2 and Cl2 at low parts per million concentrations. A study
by Bohrer et al.12,13 revealed that arrays of two-terminal MPc
sensors could be used to selectively distinguish between 12
nonoxidizing Lewis base analytes with varying chemical
properties. In addition, Yang et al.14 directly compared the
effect of strong and weak binding donor analytes to p-type
and n-type phthalocyanine-based three-terminal field effect
MPc transistor sensors. Although the experimental literature
pertaining to MPc sensor applications is extensive, most experimental studies focus on the sensor responses of one or
two analyte vapors onto multiple MPcs.15,16
Existing theoretical investigations of MPcs have focused
primarily on the electronic structure of an isolated, single
molecule MPc 共monomer兲,2,17,18 the analyte-free film in its
␤-crystalline form,19 or the molecular interaction of the MPc
monomer with a MPc substrate.20 Several computational
a兲
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studies have investigated the interaction of an analyte with
the MPc, but most of these studies are focused either on
analyte binding to the hydrogen bridge of the metal-free
phthalocyanine21 or the binding of a single analyte onto the
metal center of the MPc.22 Another computational study reported the binding of an electron donating analyte and electron accepting analyte to FePc at seven different plausible
binding sites on the FePc molecule, but only two analytes
were studied.23 To our knowledge, there have been no published theoretical studies examining the binding strength of a
variety of gaseous analytes to a MPc monomer.
This study attempts to investigate the adsorption strength
of 12 analytes spanning a wide range of Lewis basicities
based on the −⌬HBF3 scale to the Zn metal of the ZnPc
monomer using density functional theory 共DFT兲.24 The
−⌬HBF3 scale is an indicator of the ability of an analyte to
donate electrons and is an enthalpy scale based on the stoichiometric 1:1 formation of an electron donor with BF3. The
simulated binding strengths to ZnPc are compared to their
enthalpy of formation with BF3. The DFT calculated binding
strengths are also compared to current response data from a
recent sensor study using chemiresistive ZnPc sensors by
Bohrer et al.12 Finally, charge transfer on analyte binding
was also investigated using natural population analysis
共NPA兲 calculations.
II. COMPUTATIONAL METHODS

Optimizations of all systems—the ZnPc monomer, all
analytes, and the ZnPc-analyte complexes—were performed
using GAUSSIAN03, revision D.01 with the Becke threeparameter hybrid exchange functional and Lee–Yang–Parr
gradient corrected electron correlation functional 共B3LYP兲
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FIG. 1. 共Color兲 Schematic of 共a兲 an isolated, single molecule zinc phthalocyanine molecule 共b兲 all 12 electron donating analytes studied.

with the 6-31Gⴱ basis.25–29 Several studies have shown that
hybrid functionals are a computationally cost effective and
yet reliable method to predict the molecular geometry and
electronic structure of MPcs.30–32 Whereas localized and
semilocalized functionals 关local-density approximation/
generalized-gradient approximation 共GGA兲兴 could have also
been used to accurately predict MPc molecular geometry,
their shortcomings in modeling the electronic structure of
extended systems are well documented.30 All initial structures were built using GAUSSVIEW, version 2.08.33 A schematic of the ZnPc monomer and the analytes studied can be
found in Figs. 1共a兲 and 1共b兲, respectively. The bond lengths
and bond angles of the calculated ground state structures for
ZnPc 共D4h兲,18,34 dichloromethane 共dichlo兲,35 nitromethane
共nitro兲,36 acetonitrile 共aceto兲,37,38 cis-2-butanone 共2-but兲,39
water, di-n-butylether 共n-but兲,40 trimethylphosphate 共TMP兲,41
dimethylmethylphosphonate 共DMMP兲,42 isophorone 共iso兲,43
dimethylsulfoxide 共DMSO兲,44 N , N-dimethylformamide
共DMF兲,45 and triethylamine 共TEA兲46,47 agree with those determined by other computational and experimental studies to
within 0.03 Å and 0.02°.
Only binding to the Zn metal center of the ZnPc monomer was investigated since numerous experimental and theoretical studies have shown that preferential binding occurs
to the metal center.23,48,49 Additionally, experimental sensor
data show the response differs for a given analyte on different MPc films consistent with bonding to the metal centers.50
Various initial geometries of analyte binding to the Zn metal
center were sampled to determine the lowest energy binding

(b)
FIG. 2. 共Color兲 Schematic of the initial geometry of two of more than eight
conformational isomers sampled for DMF binding to ZnPc. 共a兲 Doublebonded oxygen atom of DMF binding to the Zn metal where the torsional
angle  = 0° is formed by the C–N bond lying in the DMF molecular plane
eclipsing the Zn–N bond of the ZnPc molecule. Other ZnPc-DMF isomers
consist of rotating the DMF molecule by 45° about this torsional angle ;
the configuration rotated by 45° will be referred to as “staggered.” 共b兲 Side
view of DMF binding to the Zn metal where the DMF molecule is staggered
with respect to the Zn–N bond. The DMF molecule is bonded such that the
Zn–O–C angle  is 150°. The remaining ZnPc-DMF isomers are formed by
varying  at 15° increments from 180° to 135°.

conformation for each analyte. For example, eight conformational isomers were investigated for the binding of DMF to
the ZnPc metal center via the oxygen atom of the DMF
molecule; Fig. 2 shows the initial geometry of two of the
more than eight conformations investigated for the ZnPcDMF complex. Figure 2共a兲 shows DMF binding through the
double-bonded oxygen atom of DMF to the Zn metal of the
ZnPc monomer. In this figure, the backbone of the DMF
molecule eclipses the Zn–N bond of the ZnPc molecule to
give a torsional angle  = 0°, while the Zn–O–C angle is
linear with  = 180°. Three other ZnPc-DMF conformations
sampled included variations in  at 15° increments 共
= 165°, 150°, and 135°兲. The remaining four complexes
sampled involve rotating the DMF molecule by 45° about 
in conjunction with varying  at 15° increments from 180° to
135°. Figure 2共b兲 shows a side view of DMF binding to the
Zn metal where  = 45° and  = 150°. The variations in  and
 sampled for DMF binding to the Zn metal oxygen-end
down resulted in a small range of enthalpies from ⫺34.46 to
⫺35.87 kJ/mol exothermic. Of the eight DMF-ZnPc conformations studied, only two contained no imaginary frequencies. The most stable conformation 共⫺35.9 kJ/mol exothermic兲 with no imaginary frequencies contains  = 45° and 
= 122° and can be found in the AIP’s Electronic Physics Auxiliary Publication Service 共EPAPS兲 depository.51 Binding
through the nitrogen atom of the DMF molecule to the Zn
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metal of the ZnPc monomer was also investigated. This was
endothermic, therefore, sampling other conformations of
DMF binding to the Zn metal via the nitrogen atom was
subsequently abandoned.
While binding through both the nitrogen and oxygen atoms was sampled for DMF bonding to ZnPc, only binding
via the nitrogen atom was investigated for acetonitrile 共aceto兲 and TEA since they have no other basic lone electron
pairs. For cis-2-butanone 共2-but兲, water, n-butylether 共n-but兲,
and isophorone 共iso兲, only binding through the oxygen atom
was sampled since they have no other viable lone pairs. For
TMP and DMMP, only binding through the more basic oxygen double bonded to the phosphorous was investigated. For
DMSO, binding through both the oxygen and the electron
rich sulfur was sampled; DMSO binding through the doublebonded oxygen atom was found to be ⫺38.59 kJ/mol exothermic whereas binding through the sulfur atom was endothermic. In all cases, geometry optimizations of numerous
ZnPc-analyte complexes were investigated to determine the
lowest binding energy conformational isomer for each analyte.
For TEA, additional molecular dynamics 共MD兲 simulations using the Vienna ab initio simulations package 共VASP兲
共Refs. 52–54兲 were used in an attempt to locate the global
minimum ZnPc-TEA binding conformation since the ZnPcTEA complex contains a large number of degrees freedom
共231兲 compared to all other ZnPc-analyte complexes. Prior to
beginning the MD simulations, geometry optimizations of
two of the lowest energy or most stable conformations of the
ZnPc-TEA complex as determined from GAUSSIAN03 were
performed using VASP with the PW91 variety of the GGA
using ultrasoft Vanderbilt pseudopotentials as supplied
within VASP54–56 and a single k-point 共located at the gamma
point兲. The kinetic energy cutoff was set to 400 eV. All three
systems were geometrically relaxed to a convergence tolerance of 0.01 eV/Å. The two VASP-optimized ZnPc-TEA
complexes were heated to 150 K for 1 ps followed by cooling to 0 K over a 1 ps period. Once the MD simulations were
complete, the structures from the last time step were reoptimized in G03 for a consistent and proper comparison of
binding energies with respect to all other analytes studied.
All systems were verified to be minima by evaluating the
Hessian matrix in G03. Only complexes containing no
imaginary frequencies are discussed in this study. The binding energies 共⌬Ebind兲 were calculated as
⌬Ebind = E共ZnPc + analyte兲 − E共ZnPc兲 − E共analyte兲, 共1兲
where E共ZnPc+ analyte兲, E共ZnPc兲, and E共analyte兲 represent
the total energies of the ZnPc-analyte complex, the gas-phase
ZnPc, and the gas-phase analyte, respectively. All binding
energies discussed include the correction for the zero-point
vibrational energy 共ZPE兲. The ZPE correction 共⌬EZPE兲 is calculated as
⌬EZPE = EZPE共ZnPc + analyte兲 − EZPE共ZnPc兲
− EZPE共analyte兲,

共2兲

TABLE I. Analytes and their −⌬HBF3 enthalpy values. Abbreviations:
Dichlo= dichloromethane,
Nitro= nitromethane,
Aceto= acetonitrile,
2-but= 2-butanone,
n-but= di-n-butylether,
Iso= isophorone,
TMP
= trimethylphosphate,
DMMP= dimethylmethylphosphonate,
DMSO
= dimethylsulfoxide,
DMF= N , N-dimethylformamide,
and
TEA
= triethylamine.
−⌬HBF3 共kJ/mol兲a

Gas analytes
Dichlo
Nitro
Aceto
2-but
Watera
n-but
Isob
TMP
DMMPa
DMSO
N , N-DMF
TEA

10⫾ 0.03
37.63⫾ 0.56
60.39⫾ 0.46
76.07⫾ 0.33
82.1⫾ 4.3
78.57⫾ 0.39
78.76⫾ 0.41
84.79⫾ 0.22
104.0⫾ 12.9
105.34⫾ 0.36
110.49⫾ 0.35
135.87⫾ 1.67

a

All values listed are from Ref. 24 except for water and DMMP which were
extrapolated from ZnPc sensor data in Ref. 12.
b
The basicity value listed for isophorone has been corrected for binding
through the alkene 共Refs. 13 and 55兲.

where EZPE共ZnPc+ analyte兲, EZPE共ZnPc兲, and EZPE共analyte兲
represent the ZPE correction for the ZnPc-analyte complex,
the gas-phase ZnPc, and the gas-phase analyte, respectively.
Counterpoise corrections using the Boys and Bernardi counterpoise correction scheme as supplied within GAUSSIAN 03
were also included to account for basis set superposition errors 共BSSEs兲.57,58
The BSSE correction 共⌬EBSSE兲 is calculated as
⌬EBSSE = EBSSE共ZnPc + analyte兲 − EBSSE共ZnPc兲
− EBSSE共analyte兲,

共3兲

where
EBSSE共ZnPc+ analyte兲,
EBSSE共ZnPc兲,
and
EBSSE共analyte兲 represent the BSSE correction energy for the
ZnPc-analyte complex, the gas-phase ZnPc fragment, and the
gas-phase analyte fragment, respectively. Therefore, the ZPE
corr
兲 are simply
and BSSE corrected binding energies 共⌬Ebind
calculated as
corr
= ⌬Ebind + ⌬EZPE + ⌬EBSSE .
⌬Ebind

共4兲

corr
Only ⌬Ebind
energies will be discussed in this paper.

III. RESULTS AND DISCUSSION
A. ZnPc binding versus Lewis basicity

Table I lists the 12 analytes studied along with their
Lewis basicities based on the −⌬HBF3 scale where dichloromethane is the weakest base with −⌬HBF3
= 10⫾ 0.03 kJ/ mol and TEA is the strongest 共−⌬HBF3
= 135.87⫾ 1.67 kJ/ mol兲.24 Note that the −⌬HBF3 enthalpy
value listed for isophorone has been corrected by 11.8 kJ/mol
since its enthalpy value has been overestimated due to the
ability of BF3 to bind the alkene as well as the oxygen
atom.13,59 Additionally, Lewis basicity values for DMMP and
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FIG. 3. 共Color兲 Linear fit of Lewis basicities based on the −⌬HBF3 enthalpy
scale vs the DFT calculated adsorption energies −⌬Ecorr
bind. The linear fit
shown omits TEA to give a slope of 2.44 and regression coefficient R2
= 0.88. Including TEA in the fit lowers R2 slightly to 0.73. Note that the
binding energy value reported for TEA was obtained with the assistance of
MD simulations as described in Sec. II. The error bars shown have been
compiled using Ref. 24.

water are not available in the literature and hence were extrapolated from an exponential fit of sensor sensitivity data to
−⌬HBF3 values.12
The results of the DFT calculated adsorption energies for
all 12 analytes binding to the Zn metal of the ZnPc monomer
are plotted against Lewis basicity in Fig. 3. The least basic
analyte 共dichlo兲 is the weakest binder to ZnPc with a DFT
calculated exothermicity of ⫺0.81 kJ/mol. The DFT calculated binding strengths of the analytes to ZnPc increase as
the analyte’s basicity increases. For example, the basicities
of 2-butanone 共⫺76.07 kJ/mol兲 and DMF 共⫺110.49 kJ/mol兲
are roughly two and three times greater than that of nitromethane 共⫺37.63 kJ/mol兲 and their ZnPc binding
strengths are also two and three times greater than nitromethane 共⫺21.87 and ⫺35.87 kJ/mol, respectively, versus
⫺13.81 kJ/mol兲. Fitting the experimentally determined enthalpies of analyte complex formation to BF3 versus DFT
analyte binding strengths to ZnPc for all 12 analytes results
in a linear dependence with a regression coefficient, R2
= 0.73. The analyte binding energies are about a factor of 3
stronger to BF3 than to ZnPc due to BF3 being a stronger
electron acceptor than ZnPc. Clearly, the outlier in the linear
fit is TEA with a relatively weak binding strength to ZnPc
共⫺30.49 kJ/mol兲 despite being the strongest base in the study
共⫺135.87 kJ/mol兲. Omitting TEA from the fit results in a
linear dependence between the analyte Lewis basicities and
their coordination strengths to ZnPc with an improved R2
= 0.88 and slope= 2.44.
Almost half of the analytes studied have a DFT binding
strength to the Zn metal that is greater than the TEA-ZnPc
DFT binding strength. The DFT calculations show that
DMSO with a basicity of −105.34⫾ 0.36 kJ/ mol has the
strongest binding to ZnPc with a ⫺38.59 kJ/mol exothermicity of binding. Initially, the contrast between the weak binding strength of TEA with respect to its strong Lewis basicity
was attributed to difficulties in obtaining the global minimum structure for the ZnPc-TEA complex instead of just a

local minimum structure. This initial hypothesis was consistent with the large number of degrees of freedom in the
ZnPc-TEA complex; a large number of rotational configurations could be sampled as a result of rotation about the
nitrogen-carbon and carbon-carbon -bonds of the TEA molecule. Geometry optimizations for six different ZnPc-TEA
conformational isomers were sampled to give exothermic
binding strengths ranging from ⫺4.65 to ⫺21.25 kJ/mol.
Due to the large number of conformational isomers that
could result from the ZnPc-TEA complex, MD simulations at
150 K were also incorporated in an attempt to obtain a more
energetically favored ZnPc-TEA structure. The ZnPc-TEA
structure obtained through performing MD simulations as
described in Sec. II resulted in a structure that was 9.24
kJ/mol lower in energy than the most stable ZnPc-TEA configuration obtained only from G03 geometry optimizations.
The lowest energy ZnPc-TEA structure is ⫺30.49 kJ/mol
exothermic; this value was used in the plot in Fig. 3. While
this MD optimized structure is lower in energy than the
structures that did not undergo a heating and cooling cycle,
there still remains a large inconsistency in ZnPc binding energies for TEA compared to other less basic analytes investigated. This energy difference can be attributed to the steric
effects of the ethyl groups on the TEA molecule upon binding to the Zn metal. This is consistent with numerous studies
which have documented the steric effects of TEA.60,61 Unfortunately, higher temperature MD simulations which might
provide further optimization are not practical since higher
temperatures induce desorption suggesting experimental conditions cannot be accurately reproduced. As noted below, the
ZnPc sensor response for TEA correlates poorly with the
calculated TEA-ZnPc binding energy consistent with the inability of the subroom temperature DFT-MD simulation to
fully capture the optimal binding configuration.
With the exception of TEA, ZnPc binding of the remaining analytes has a nearly linear correlation with their Lewis
basicities. Since the basicity of a molecule is a measure of its
ability to donate electrons, complexation of the 12 electrondonating analytes to the Zn metal may result in a transfer of
electrons from the analyte to the ZnPc monomer. Charge
transfer has been repeatedly cited as the mechanism in which
MPc-based sensors operate.62–64 To determine the degree of
charge transfer, the atomic charges of the ZnPc monomer and
the ZnPc-analyte complexes were calculated using NPA calculations within the B3LYP functional and 6-31Gⴱ basis.65
Mulliken charges were not used as they are notorious for
their basis set dependence.66,67 The magnitude of charge
transfer 共⌬qZnPc兲 is then determined by taking the difference
of the total charge of the ZnPc molecule in the ZnPc-analyte
complex minus the total charge of the ZnPc monomer. The
charge transfer is plotted as a function of ZnPc binding
strength, as shown in Fig. 4. The weakest binder dichloromethane results in a transfer of 0.014e− to the ZnPc monomer, whereas the strongest binder DMSO results in the greatest transfer of electrons to the ZnPc monomer 共0.053e−兲.
Regardless of where the analyte lies on the basicity scale,
analyte adsorption onto the ZnPc monomer results in a small
charge transfer from the analyte to the ZnPc; this is consistent with the electron donating nature of the basic analytes.
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FIG. 4. 共Color兲 A linear fit of the NPA calculated charge transfer after
analyte adsorption 共⌬qZnPc兲 vs ZnPc binding energies 共−⌬Ecorr
bind兲 to give a
reasonable fit with R2 = 0.67. Note that the small degree of charge transfer
observed may be at the lower limits of the method. The charge transfer value
reported for TEA was obtained from NPA calculations of the lowest energy
TEA-ZnPc configuration obtained with the assistance of MD simulations as
described in Sec. II.

The small charge transfer for these weakly bound analytes
agrees with that observed in a previous study using the Bader
charge analysis method that showed electron donating physisorbates donated 0.07e− to the FePc metal center.23,68,69 Additionally, the analysis of the plot shows a modest linear
dependence between the magnitude of electron donation
from the analyte to the ZnPc monomer and their ZnPc binding energies 共R2 = 0.67兲. Although the DFT calculations show
that charge transfer occurs on analyte binding to the Zn metal
of the ZnPc monomer, this charge transfer is small and only
a linear function of the binding energy. This is an important
result because sensor response is a linear function of the
analyte coverage and the charge transfer. Since the analyte
coverage is an exponential function of analyte binding energy while the charge transfer is only a linear function of the
analyte binding energy, the DFT calculations suggest that
analyte sensitivities will be dominated by differences in analyte binding energies to the MPc instead of differences in
charge transfer.
In sum, the magnitude of ZnPc binding strengths and
limited charge transfer observed for these analytes suggest
that the more basic analytes only weakly chemisorb, whereas
the less basic analytes physisorb to the Zn metal center. In
the case of dichloromethane, adsorption onto the Zn metal
consists of weak physisorption. The small charge transfer is
still consistent with ZnPc films being very sensitive to the
presence of analytes because the films have low intrinsic
carrier concentration and very weak surface doping by
O2.70–72
B. ZnPc binding versus ZnPc chemiresistor sensor
data

To investigate how analyte binding energies relate to experimental sensor data, the DFT calculated binding energies
were compared to ZnPc sensor data. Details on chemiresistor
sensor fabrication and device measurements can be found in
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FIG. 5. 共Color兲 共a兲 Curve of ZnPc sensitivities 关共⌬I / Ibaseline ⫻ 100兲/analyte
concentration兴 vs −⌬Ecorr
bind for all 12 analytes. The exponential fit shown
omits TEA to give a good fit with R2 = 0.94. Including TEA results in a poor
exponential fit with R2 = 0.18, clearly showing TEA is an outlier. Note that
the binding energy value reported for TEA was obtained with the assistance
of MD simulations as described in Sec. II. The error bars shown are a
standard deviation of six slopes from the linear fit of ZnPc sensor response
vs analyte concentration from Ref. 12. 共b兲 The inset shows the same curve
of ZnPc sensitivities vs −⌬Ecorr
bind except the NH3 – ZnPc binding strength has
been substituted for the TEA-ZnPc binding strength. Substituting with NH3
results in a good exponential fit with R2 = 0.93.

Ref. 12. Briefly, the sensors are two-terminal interdigitated
electrode devices consisting of Si 共100兲 substrates with a
1 m thick wet oxide. There are 45 electron beam evaporated gold finger pairs, each of which is spaced 5 m apart
with an electrode width and thickness of 2 mm and 45 nm,
respectively. 50 nm thick ZnPc films were then deposited by
organic molecular beam epitaxy. The sensor measurements
were performed in a stainless steel chamber with SiO2 passivated walls and an internal volume of 15 cm3. The sensor
devices were operated at 8 V to ensure all measurements are
done in the space-charge limited conductivity 共SCLC兲 regime. Measurements performed within the SCLC regime are
essential as it eliminates MPc/electrode interface effects on
chemical sensing.73 The sensors were exposed to analyte vapors at a 500 cm3 / min flow rate of varying concentrations
ranging from 90 to 900 ppm. It has been shown that a linear
dependence between sensor response 共percent current change
关⌬I / Ibaseline ⫻ 100兴 at constant voltage兲 and analyte concentration exists in the region where the largest change in sensor
current occurs upon analyte exposure. This region is considered the “initial fast region” and was systematically determined to occur within the first 5 min of dosing with
analyte.13 As a result, all sensors were exposed to analyte
vapors for 5 min to allow for a quantitative comparison of
sensor response to analyte concentration. The relationship
between sensor response and analyte concentration in the fast
region was used to obtain ZnPc sensitivities 共%/ppm兲 determined from the slope of the linear fits of response versus
concentration. Additionally, it has been suggested that MPc
sensor responses occurring within the first 5 min correspond
to analyte adsorption onto metal centers free of atmospheric
dopants such as O2.13 Therefore, the gas adsorption model
used in this computational study, where the analyte adsorbs
directly onto the Zn metal center of the ZnPc molecule, is an
appropriate model system.
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Figure 5共a兲 shows a plot of the experimentally determined ZnPc sensitivities versus the DFT calculated ZnPc
binding energies for all 12 analytes. Note that positive sensitivities are for current gains while negative sensitivities are
for current losses. In contrast to the linear dependence observed between analyte basicity and ZnPc binding strength,
an exponential dependence exists for ZnPc sensitivities and
binding strengths. An exponential dependence between sensitivity and binding strength is consistent with established
models of surface coverage and binding energy. An exponential fit of all the data results in a poor regression coefficient
R2 = 0.18. Removal of TEA from the exponential fit results in
a very good agreement between ZnPc sensitivities and binding strengths with R2 = 0.94. As discussed above, steric effects adversely affect the calculated TEA binding to the Zn
metal of the ZnPc molecule. To quantify the degree with
which steric effects in TEA affect ZnPc binding in the DFT
calculation, the binding strengths of two additional analytes,
trimethylamine 共TMA兲 and ammonia 共NH3兲, were also calculated using the methods discussed above. While TEA contains three bulky ethyl groups, TMA is less bulky with three
methyl groups and NH3 eliminates any possibility for steric
hindrance to adversely affect the calculated ZnPc binding.
The DFT calculations show that TMA binds to the Zn metal
of ZnPc with an exothermic binding strength of ⫺35.30 kJ/
mol; this is almost 5 kJ/mol more exothermic than the calculated binding strength for TEA to ZnPc. NH3 binding to
ZnPc is even more exothermic with a calculated binding
strength of ⫺42.57 kJ/mol. These calculations show that
TEA binding to ZnPc has severe steric constraints within the
computational model. A plot of the experimentally determined ZnPc sensitivities versus the DFT calculated ZnPc
binding energies where the NH3 – ZnPc binding strength is
substituted for the TEA-ZnPc binding strength can be found
in Fig. 5共b兲. Exponentially fitting the plot with the NH3 binding strength results in a good agreement with R2 = 0.93.
While TEA generally is a much weaker ligand than ammonia
in coordination compounds,61 the relatively long weak bond
to the metal center in MPc compounds will diminish the
relative importance of steric crowding.
IV. CONCLUSIONS

DFT simulations were used to determine the binding
strength of 12 electron donating analytes to the zinc metal of
a ZnPc monomer. The analyte binding strengths were shown
to be linearly dependent on their Lewis basicity based on the
−⌬HBF3 scale. NPA charge transfer calculations show that
electron donating analyte complexation to ZnPc results in
limited charge transfer from the analyte to the ZnPc monomer. The analyte sensitivities from chemiresistor ZnPc sensor data were proportional to an exponential of the binding
energies from DFT calculations consistent with sensitivity
being proportional to analyte coverage. The results show that
MPc films can be employed for highly selective sensors
since MPcs can even select for analytes with similar electronic properties because the response is an exponential function of the analyte binding energy. When an array of MPc
sensors is employed, the small difference in binding strength

for a given analyte to the array of MPc films can be used to
identify the analyte because the sensor response will depend
exponentially on the analyte-MPc binding energy. In summary, the good correlation observed suggests that DFT is a
reliable method to predict relative chemiresistor MPc analyte
sensitivities.
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