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1. Introduction been licensed. He received an R&D 100 Award in 2004 for his work in
developing a rationally designed polymer for chemical threat detection
Strongly hydrogen-bond acidic polymers for vapor sensors and an American Chemical Society Regional Industrial Innovation Award
were introduced in the mid 1980s. Originally, these polymers in 2007.
were of interest for obtaining high sensitivity to organo-
phosphorus nerve agents using acoustic wave sensors. The In addition to their use in important applications, this class
polymer served as the sorbent layer on the sensor andof polymers has been significant because no hydrogen-bond
interacted with the strongly hydrogen-bond basic organo- acidic polymers with the desirable low glass to rubber
phosphorus compounds by hydrogen bonding. These interaciransition temperaturest) were commercially available.
tions promoted sorption of the vapors into the polymer film Furthermore, none of the conventional gas chromatographic
on the device surface, which increased the sensor responsestationary phases were strongly hydrogen-bond acidic. Those
The property of hydrogen-bond acidity was incorporated into phases that were rather modest hydrogen-bond acids (e.g.,
the polymer by including fluorinated alcohol or fluorinated docosanol, sorbitol, and diglycerol) were not polymers.
phenol functional groups in the polymer structure. These Therefore, developing this class of polymers for chemical
polymers have also been demonstrated in explosives sensingensors required design and synthesis.
applications. From the time of the earliest sensor studies A great variety of hydrogen-bond acidic polymers and
using hydrogen-bond acidic polymers, they were included architectures have now been developed, from linear organic
in sensor arrays where they increase the chemical diversitypolymers containing fluoroalcohols to silicon-containing
and help to discriminate among vapors. polymers with phenolic or fluoroalcohol functionalities in
linear and branched architectures. While they remain useful
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Fax: 509-376-5106. E-mail: jwgrate@pnl.gov. polymers have also been demonstrated in chemiresistor
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of vapor sorbed as a mass and the response is not dependent

- 'VA;DO,@ R on any other analyte property other than those that influence
B sorption. Nevertheless, several other types of devices provide

SORPTION i . : . y

SORPTIVE platforms for sorption-based sensors including microcanti
THIN FILM + levers responding to mass uptake and/or bending forces,
TRANSDUCTION c_h_em|re5|stor dewcgs r_espondmg to chgnges in the r;onduc—

MICROSENSOR  SUBSTRATE } tivity of a sorbent thin film, chemicapacitors responding to

dielectric changes, and optical fibers, waveguides, or other
ANALYTICAL SIGNAL configurations responding to the change in refractive index,
Figure 1. Sorption-based sensor. absorbance, or fluorescence of a sorbent material.
While the sorbent material for these sensors could, in
sensors, chemicapacitor sensors, microcantilever sensors, angrinciple, be selected from a great variety of material types,

a variety of optical approaches. polymers or polymer-based composites are most often used.
This review aims to describe the original motivation and As polymers are the subject of this review, we will typically
principles behind the use of hydrogen-bond acidic polymers refer to the sorbent material interchangeably as a polymer

on chemical sensors and review the types of polymers or sorbent.

developed. Accordingly, this review covers the period from

1986 to early 2007. The polymer materials designed and 2.2. Partition Coefficients and Sensor Responses
synthesized to be hydrogen-bond acidic sorbents will be The equilibrium distribution of a vapor between the aas
presented in detail, followed by selected illustrative examples hase a?]d a sorbent polvmer phase ?s characterized g the
of their use in sensing. These polymers have been most{)h d ; t't'p y ff.p. Taking th y
widely used on acoustic wave sensors; their use on other ermodynamic partition coefficierk. Taking the concen

types of sensors are less well known, and this review will tration in the gas phase & and the equilibrated concentra-

seek to bring such examples forward. This review will also tlr?gr:;i;hge;?\? degit?:r?j?r? %’ ethel pﬁirt'ﬂg?v%(?ﬁg'sc;ﬁg;‘cgte a
describe some examples where they have been used ir 9 q2.Hig

separation or preconcentration approaches for vapor analysisgreater degree of collection and concentration of vapors in

Vapor concentrations will be reported in either m/on the polymer phase, where their presence can be transduced

parts by volume (ppm or ppb) according to the units used in MO an analytical signal. The relevance of the partition
the work being reviewed with conversions sometimes coefficient to vapor detection using coated acoustic wave
9 sensors was noted in both quartz crystal microbalance (QCM)

i 1
provided- . . : sensor studiés® and SAW sensor studiés.
Priority will be given to covering research published as
original contributions in peer-reviewed journals, and dates K=CJC (1)
\%

noted will refer to journal publication rather than proceedings
when possible. Proceedings papers will be cited in this
review, at the author’s discretion, in order to include relevant . S -

of solution of a gaseous solutAGs®, according to eq 2.

findings likely to be of interest to the sensor community. It The Reongti this equation is the gas constant as usual, and

is unfortunate that some polymers and application studies_.. .
have been published only in proceedings papers or in articlesT s the temperature. (The subscript was adde4g; here

from journal issues that are, in actuality, conference proceed-w cl;leadrly d|s_'gngu||sh I _fror;:_thézz vapor solvation parameter
ings. For some polymers, syntheses and characterization haw.t%O e described later in this review.)

never been provided in a peer-reviewed journal. In some °o— _

peer-reviewed journals, includin§ensors and Actuatars AGs™ = ~Roonl IN K 2)
Talantg and everSciencesensor results have been published Since the response of a sorotion-based chemical sensor is
where the structures of the sensing polymers and/or theirb 4 h P tof P bed into the fil hich i
synthesis and characterization are not given, and the refer- ased on the amount of vapor sorbed into the film, which Is

ences do not lead to published synthesis and characterizatioﬁelfﬁd to thf(f"“. gmtcmnt_o(f_:v\l/(ap?r: in the gas.phafse k}y the
in peer-reviewed journals. These practices can undermineParution coetiicien G = ), the response is a function

the scientific credibility of the published sensor results.  ©! the pavrtition coefficient and the vapor-phase concentration
according to eq 3. Hence, promoting interactions that increase

the sorption of vapors will increase sensor responses. The

2. Background partition coefficient may be a constant in the case of linear
. absorption isotherms but will be a function of vapor

2.1. Sorption-Based Sensors concentration in the case of nonlinear sorption isotherms.

A sorption-based sensor in the context of this review
comprises a sorbent material that collects and concentrates response= f(Cy = f(C,K) 3)
vapor molecules from the gas phase in combination with a
means to transduce the reversible sorption process into anrhis generalized response function can alternatively be
analytical signal. Typically, transduction arises from an written according to egs 4 and 5, i.e., as a function of the
acoustic wave, mechanical, optical, or electronic device to amount of vapor in the film times a sensitivity fact&r,The
which the sorbent is applied as a thin film. This concept is sensitivity factor may, in turn, be a function of factors
shown in Figure 1. specific to the vapor molecule, i.e., analyte-specific factors,
Acoustic wave devices such as the quartz crystal micro- as well as specific factors related to the sensing device and
balance (QCM) or surface acoustic wave (SAW) device its transduction mechanism.
represent the most fundamental sorption-based sensors; when
acting as pure gravimetric devices, they detect the amount response= SG= SGK (4)

The partition coefficient is related to the Gibb’s free energy
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S= f(analyte-specific factors, HsC _CH,
transduction-specific factors) (5) F3C'CIHO‘H~ P\O—CHs
. . . CF
For a purely gravimetric polymer-coated acoustic wave s
sensor the response, a frequency shift denoted\hyis HsC
.. .. . ‘,CH3
related to the partition coefficient and vapor concentration O-y._. P
i F.C - g” "O-CHs
according to eq 6. 8
Af,=ATCKlpg (6) CF,

The parameterafs and ps are transduction-specific factors, E;%”rgegezﬁ_bg'zgg’gg{é‘kﬁg’;gg‘ﬂeis”;‘irfgfﬁfg% iggg"r"oepe;n;:“oorrg”gfg?s_
where Afs is a measure_of the amount of polym_er on the (trifluoromethyl)phenol and DMMP, a hydrogen-bond basic 6rga-
sensor surface (specifically the frequency shift due to nophosphorus compound.

deposition of the film material onto the bare sensor) and _ _
is the density of the sorbent polymer phase. For a purely Table 1. Hydrogen-Bonding Solvation Parametersfor Selected
mass-sensitive device, the analytical signal is related to theHydrogen-Bond Acidic Molecules

amount of vapor absorbed as a mass without dependence molecule Sl i
on other analyte-specific factors. ethanol 037 048
The response of a sensor to the amount of vapor sorbed, 2 2 2_trifluoroethanol 0.57 0.25
where the transducer detects the volume rather than the mass hexafluoroisopropanol 0.77 0.10
of vapor, can be expressed as in eq 7. phenol 0.60 0.30
3-fluorophenol 0.68 0.17
R= UvSCvK 7) 3,5-t_)is(tr_ifluoromethyl)phenol 0.82
acetic acid 0.62 0.44
The parametelS is a sensitivity factor as in eq 4. Of aValues are from refs 115 and 22.
particular note is that the volume sensitivity is related to the
vapor-specific volume,, which relates to the volume The solvation parameten, and=4, have been devel-
fraction of vapor in the polymer/vapor solutiapy, = 1,C,K .8 oped to characterize the hydrogen-bond acidity and hydrogen-
The vapor-specific volume represents an analyte-specificbond basicity, respectively, of solute molecules. It is
sensitivity factor as expressed in eq 5. important to distinguish hydrogen-bond acidity and hydrogen-

The quartz crystal microbalance (QCM) is a purely bond basicity as they relate to hydrogen-bonditgractions
gravimetric sensor for sufficiently thin polymer films that from proton-transfer acidity and basicity as they relate to
move synchronously with the device surfdc& The SAW acid—base reactions These are fundamentally different
device can be gravimetric but often contains sensitivity to processes, and there is no general relationship betwéegn p
changes in the modulus of the polymer upon vapor sorption. values and hydrogen-bond acidity, for examfffé Reso-

The modulus change is related to the volume of the sorbednance stabilization of a conjugate base can be quite signifi-
molecules through their influence on polymer film free cantininfluencing proton dissociation but is not so relevant
volume®-10.16-21 Accordingly, a SAW sensor acting as a to hydrogen-bonding interactions. Though general correla-
mass-plus-volume-transducing device has a response that cations can sometimes be made within chemical families, no
be expressed as in eq 8. The first term has no analyte-specifigeneral relationship exists between proton-transfer acidities
sensitivity factors, while the second term hgsan analyte- and basicities and hydrogen-bonding acidities and basicities.
specific sensitivity factor which will vary from vapor to  For example, phenol and acetic acid have similar hydrogen-
vapor. bond acidities as indicated by théia;' values of 0.60 and
0.62, respectively, but acetic acid is a stronger proton
Af, = (AfLCK/p) + 2, SCK (8) dissociation acid in water by 5 orders of magnitude.

_ ) ) _ Similarly, although urea is a weaker proton-acceptor base
Since rapid sensor responses are typically required or at leasthan triethylamine, it is a stronger hydrogen-bond base
desired, use of polymers wiffy values below the operating (=B = 0.90 for urea and 0.79 for triethylamine).
temperature of the sensor is preferable. Vapor diffusion is ™ {jgg of solvation parameters in linear solvation energy
much more rapid above this transition temperature due 10 ¢ |ationships (LSERS) will be described below. Solvation
greater polymer free volume and polymer segmental chain haameters can also be used to relate the structural features
motion, leading to more rapid equilibration of the film j, mqjecules to the resulting solubility properties. This can
material with the gas-phase vapor concentration. provide insight into the structures that one might incorporate
23, Fluorinated Alcohols and Phenols :R:grgcﬁ)icc))lzg]er to obtain particular properties and potential

The interactions that promote sorption of vapor molecules ~ The solvation parameters for the hydrogen-bond acidity
into a polymer film, where the vapor molecules act as solutes and hydrogen-bond basicity of several hydrogen-bond acidic
and the polymer acts as the solvent, are, by definition, molecules are given in Table 1. These two parameters are
solubility interactiong? 25 These interactions include van scaled to free energies in the same way. The first three
der Waals interactions and the hydrogen-bonding interactionsmolecules illustrate increasing hydrogen-bond acidity of
of interest in this review. Figure 2 shows the concept of alcohols as the fluorination is increased, as indicated by the
hydrogen bonding between a fluorinated alcohol or a fluori- Zag values. Simultaneously, the hydrogen-bond basicity
nated phenol with a hydrogen-bond base, represented in thiggoes down, which can decrease self-association. Hexafluoro-
case by the nerve agent simulant dimethyl methylphospho-isopropanol, the most hydrogen-bond acidic of these alcohols,
nate (DMMP). is shown in Figure 2. It is also apparent that the unfluorinated
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alcohol, ethanol, is only a weak to moderate hydrogen-bond Scheme 1

acid while being even a better base. The next three molecules FsC CFq FiC oF NaOH

illustrate increasing hydrogen-bond acidity of phenols as the HO@XOH F3C>CQF3/:»~K0: /] acetone

fluorination is increased. A phenol is intrinsically a better  F.¢”g, T oHOT R R T

hydrogen-bond acid than an aliphatic alcohol and becomes 13/1.4 cis/ trans

even better if fluorinated. 3,5-Bis(trifluoromethyl)phenol, the o

most hydrogen-bond acidic of these phenols, is included in CFy 3% CFs o

Figureé. ’ P WO SVl Fsgxs/szo AN
Accordingly, strong hydrogen-bond acidity can be obtained OW OH  Liom

by incorporating fluorinated alcohol or fluorinated phenolic FoC CFy OH either diol

functional groups as substituents in a polymer structété’ FPOL()

These groups maximize the hydrogen-bond acidity of the

hydroxyl groups by the electron-withdrawing effect of the FoQ PFa FaC CFs F3‘wF3

fluorine atoms while simultaneously minimizing the hydrogen- NC’)k@XO/\AO of,

bond basicity of the hydroxylic oxygen atoms, and they OH OH

contain no other significantly basic heteroatoms. | FPOL)
Minimizing hydrogen-bond basicity within the structure : FG o FiO. oF

is important to minimize self-association. The energetic gain ; 8 3 FaC_ CF; FaC_ CF,

of the interaction of a basic analyte vapor with a formerly (l)>/\° O/\% HOWOH

free hydroxyl group hydrogen, where there is no cost to : :
breaking a pre-existing hydrogen bond, will be substantially =~ “-=---o-roosssseseeeeee T et )
greater than the gain from the basic vapor interacting with a ing FPOL(a)?* In most publications, the nominal repeat unit
formerly hydrogen-bonded hydroxyl group hydrogen and structures of these types of materials have been represented
hence will provide a greater driving force for sorption. more simply by structures like that in FPOL(b), which
Finally, acetic acid is included in Table 1, since carboxylic illustrate the functional groups and dominant isonféfg:%
acids are well known as acidic organic functional groups in (In subsequent work to be described below, specific isomeric
the sense of proton dissociation acidity. Carboxylic acids are FPOL polymers were prepared using diglycidyl ether and
both hydrogen-bond acids and hydrogen-bond bases, and séliol reagents as indicated in the dashed box.) Hydroxyl
can be expected to self-associate in condensed phases. I8roups along the polymer backbone, with electron-withdraw-
fact, even in the gas phase acetic acid exists primarily as aing fluorine and oxygen atoms, are responsible for the
hydrogen-bonded dimer. The carbonyl oxygen provides a hydrogen-bond acidic properties. The FPOL sample used in
basic heteroatom that promotes self-association. For thesetarly SAW sensor studies had a reporfgaf 10 °C. Thus,
reasons, carboxylic acids are not ideal functional groups for it had desirable fluoroalcohol interactive groups in a polymer
Strong|y hydrogen_bond acidic po|ymers_ with a low Tg. Additional studies of FPOL SynthES|S are
described below’°
3. Fluoroalcohol-Containing Organic Polymers FPOL has been used in early SAW array studies, organo-
phosphorus simulant and agent detection, comparisons of
This section on organic polymers (section 3) and the synthesized hydrogen-bond acidic polymers, studies of
subsequent section on silicon-containing polymers (sectionpolymer solubility properties using LSERs, development of
4) will focus on the structures and synthesis of the hydrogen- new chemometric approaches, sensor array systems, polymer
bond acidic polymers being described as well as sorptive or film deposition methods, and development of other types of
spectroscopic studies that establish their interactions with sensors including chemiresistdr?1:22.27:32.33,3%2 |t repre-
basic solutes via hydrogen bonding. Use of these polymerssented the de facto standard for hydrogen-bond acidic sensor
on sensors and devices for vapor detection will be highlighted materials for many years.
in later sections (sections-@.0) of the review. Subsequent to the studies of Barlow et al. and the initial
Use of hexafluoroisopropanol substituents in a polymer demonstration of FPOL as a sensor coating, Snow et al. pub-
to promote the sorption of organophosphorus vapors waslished a detailed study of a variety of fluoroalcohol-con-
recognized in early studies published in 1987 by Barlow et taining polymers in 19947 Among these were a series of
al?22® These authors used both analog calorimetry and hexafluoroisopropanol-substituted polystyrenes as shown in
measurements of vapor uptake on a QCM to demonstrateScheme 2. These were prepared by first making the corre-
and investigate sorption of DMMP by a modified polystyrene sponding hexafluoroisopropanol-substituted styrene mono-
copolymer material, which interacted by hydrogen bonding mers containing ortho-, meta-, or para-substituted phenyl
to the pendant hexafluoroisopropanol groups. These studiegroups and polymerizing them by a free-radical-initiated
followed those of Pearce, who first modified polystyrene with reaction to obtain the product homopolymers. The monomers
pendent hexafluoroisopropanol groups as part of a study onwere prepared from the reactions of bromostyrenes with
promoting the miscibility of polymer blends through polymer ~ magnesium to prepare Grignard reagents that were then
polymer hydrogen bonding. reacted with hexafluoroacetone. The parent polymer in this
At around the same time as Barlow’s initial report in group, polystyrene, has® of 100 °C, while the para- and
198431 scientists at the Naval Research Laboratory (NRL) meta-substituted polymers hag values of 122 and 84C,
were testing a fluoroepoxy prepolymer, dubbed fluoropolyol respectively. No value was reported for the ortho-substituted
(FPOL), as a sorbent on SAW devices for organophosphoruspolymer because the ortho-substituted monomer polymerized
vapor detectior?”3233 This prepolymer was originally  rather poorly, possibly due to a steric effect, and the yield
prepared as a random copolymer containing a mixture of was low.
isomers for the development of protective coatings for naval  In the same paper, Snow et al. described the modification
applications* The synthesis is shown in Scheme 1, produc- of polyisoprene with hexafluoroacetone to produce hexa-
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Scheme 2

polymer
OH
FsC f-CFs
HO
FsC
n n
PSpFA PSoFA
Scheme 3
OH OH
FsC.__O FaC~L-CF, Fcho FsC~-CF, CF,
H
L CFs CFs N C?:
e _7> 3
n n m ‘ n
PIP PIPFA1, PIPFA2
Scheme 4
OH
FsC/-CFs
OH
FsCf-CFs

OH
FsC {-CFs
Cl_ o O o AIBN O o
FsC CF; + —_— \E —_— (Ji/f
A A
OH
n
PAFA
fluoroisopropanol-substituted hydrocarbon polymers as shown
in Scheme 3. This reaction of hexafluoroacetone with double
bonds at elevated temperatures follows the chemistry de-

scribed by Urry et af2 The reaction proceeds most readily
on terminal double bonds. In principle, up to two hexafluo-

Grate

these are related to sorption isotherms. (If the response were
purely gravimetric, the calibration curve would be the same
as the sorption isotherm, but modulus effects may occur.)
For each type of fluoroalcohol polymer, the curves of the
test polymer or polymers were compared with one or more
controls. For example, the response of FPOL-coated sensor
was compared with that of a sensor coated with a FPOL
derivative that had been acetylated to convert the free
hydroxyls to non-hydrogen-bond acidic esters. The sensor
response to DMMP at the lowest concentrations, using the
FPOL with free hydroxyl groups, was about 5 times greater
than that for the sensor coated with the acetylated derivative
of FPOL. The polystyrene polymers with pendant hexaflu-
oroisopropanol groups were compared with unmodified
polystyrene and an acetylated derivative of the para-
substituted polymer. The para- and meta-substituted polymers
with free fluoroalcohols sorbed DMMP more than 5 times
greater than the acetylated control and more than 10 times
greater than the polystyrene control. Similarly, fluoroalcohol-
containing polymers in the polyisoprene and polyacrylate
cases were about 10 times more sorbent than the controls.
These experiments clearly confirmed the importance of the
fluoroalcohol hydroxyl groups for promoting DMMP sorp-
tion, consistent with the hydrogen-bonding rationale for
polymer design.

IR spectroscopy studies were also carried out comparing
the fluoroalcohol hydroxyl region before and after DMMP
sorption. The absorption frequencies of the free hydroxyls
were reported and compared with the shifted frequency in
the presence of DMMP. Hydrogen-bond formation was
clearly evident in these spectral comparisons. In carbon
tetrachloride, hexafluoroisopropanol is known to hydrogen
bond to DMMP with a spectral shift from 3600 to 3190
cm 128 The fluoroalcohol polymers showed similar shifts.
It was noted that prior studies of hydrogen-bond formation
between hexafluoroisopropanol and various Lewis bases had
demonstrated that the size of the IR spectral shift of the
hydroxyl region could be related to the enthalpy of hydrogen
bonding® This prior study noted that the fluorinated alcohol
was a better hydrogen-bond acid than an unfluorinated
phenol.

roacetone groups could be incorporated per isoprene repeat 1Nnese studies by Snow et al., published in 1991, success-
unit. However, there was no evidence to indicate that more fully demonstrated the approach of using fluoroalcohols
than one hexafluoroacetone was added to any single isoprendicorporated into polymer structure to promote DMMP
repeat unit. Two samples were prepared with different SOrption by hydrogen-bonding interactions. However, all of
hexafluoroacetone to monomer ratios, yielding samples with the new polymers had, values above room temperature.
80% (PIPFA1) and 46% (PIPFA2) of repeat units function- Hence, they were not ideal in making a sensor coating
alized as determined by elemental analysis. The PIPFA2 wasYi€lding a very rapid response.
a dense glassy material withTg of 32 °C, while the more In work published in 1997 and 1998, researchers from
substituted PIPFA1 reported to be a fibrous glassy material France investigated FPOL in detail, working with samples
with a Ty of 60 °C. of the original prepolymer as well as samples that they
One additional fluoroalcohol polymer based on an acrylic synthesized themselvés®® These investigators noted that
ester backbone was prepared by Snow et al. Both thethe original FPOL was a mixture of isomers and that the
fluoroalcohol-substituted PAFA polymer shown in Scheme material contained low molecular weight oligomers. Both
4 and a control polymer without a free fluoroalcohol PA of these factors could have a plasticizing effect that lowers
were prepared. Th&y values for PA and PAFA were 96 the Ty They set out to synthesize FPOL polymer samples
and 175°C, respectively. for each of the possible isomer combinations. Since there
All these polymers were examined as films on SAW are meta- and para-isomers with regard to the phenyl group
devices to measure DMMP vapor uptake and in infrared (IR) in the repeat structure and cis- and trans-isomers with regard
spectroscopy studies to demonstrate hydrogen bonding toto the double bond, there are four isomer combinations, each
DMMP. SAW sensor responses were plotted against the of which was prepared as the pure polymer. The original
vapor concentration aB/Psy, i.€., the test vapor partial FPOL sample contained primarily the meta-aromtatc/s
pressure relative to the saturated vapor pressure. Since thethylenic units. The dashed box in Scheme 1 shows the
SAW response is proportional to the amount of vapor sorbed, reactants used to prepare one of the isomeric fluoropolyol
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Scheme 5
CF3
_ OH
CF3
e I
Grubbs
2nd gen |
Ru catalyst

catalyst

conjugated
poly(phenylene ethynylene)
polymer

R=C1oHa

materials, shown as FPOL(b). These authors foufigvalue Scheme 6

for the original FPOL sample of 1%, whereas they reported FoC OH
Ty values from 35 to 45C for the pure isomeric polymers. CFs
In terms of vapor sensitivity in tests with chemical agent J J Fsc\fo P
GB, these authors reported that the polymer with meta- CF3

—_—

H,0
aromaticfrans-ethylenic units provided the best responses. Cl—Si-Cl — (‘S,i—o‘t
Response times at temperatures belowT§é30 °C) were CHs CHs
extremely slow and much faster above M40 °C). These
results are consistent with the expected slow diffusion of
vapors in glassy polymers and the design rationale of
selecting polymers with lowg in order to obtain rapid sensor
responses.

Additional preparations of fluoropolyol-type materials
were reported in 200%. These authors used reactions of

epichlorohydrin and fluorinated diols to produce their epoXy haracteristics for coating columns or supports, Tywalues,
polymers and tested them on 10 MHz QCM sensors. The yn fast vapor diffusion. Synthetically, their selectivity can
resins obtained were pale yellow to light brown liquids at he readily tailored by variation of the substituent organic

room temperature V\_/ith mo_lecu_lar Wei_ghts on the order of groups, and there are a variety of cross-linking and im-
1600-1800, confirming their oligomeric nature. mobilization approaches available.

suﬁgﬁgg d eotr ez;lﬁicsyr]otlh(rar?ézrexitr? ahi)é?]ftm;?;og;%ﬁ%gﬂg Grate designed and synthesized a polysiloxane with a
9 boly Jug pendant hexafluoroisopropanol group on each repeatifiit.

?tw:;uighe\f\/emfhn t|2%) reg?rrt_ﬁgrsmwgfe%';rehrg?e dpo(l)yr;e OfThe synthesis of this polymer, dubbed SXFA for siloxane
pheny yny poly brep ' fluoroalcohol, was published in 1995 as part of a study of

\gljvrrc];ggsls dis dhﬁ\é\in;gpse;?(fg}ﬁﬂi;gi ?ﬁggzlr;trﬂgﬁiggggogggggsorbent sensing polymers using LSERReaction of hexa-

by the palladium-catalyzed Sonogashitdagihara cross- fluoroacetone with a terminal alkene was used to generate

coupling reaction. The rigid iptycene groups on the polymer the pendant group, after first preparing a ponS|I0xar_1e
: polymer containing pendant allyl groups, as shown in

provide several benefits, including reduced solid-state ag-g.po e 6 Thys, this synthesis uses the reaction of hexafluo-
gregation, increased so'Iub|I.|ty, ar]d llncreased. free volume roacetone with terminal alkenes on a pre-existing polymer
that facilitates vapor diffusion within the solid polymer much like the reaction with polyisoprene introduced by Snow

mater]al for b;ndmg_ and fluorescence response. These see Scheme 3). The product was a viscous liquid.
materials were investigated as fluorescent sensors (see belo

in experiments with nitroaromatic and pyridine vapors. SXFA has been used by several investigators on a variety
of sensor platforms, including SAW devices, microcantile-

vers, flexural plate wave devices, and chemicapacitors for
applications including chemical agent detection and explo-
sives detection, and it has been used in studies of vapor
sorption and coating deposition meth@dé46.47:51.52.57.61,685

In subsequent work reported in 1997, Grate and Kaganove

To address the issue of obtaining a fluoroalcohol-contain- created hybrid organic/inorganic polymers incorporating
ing polymer with intrinsically lowTgy, Grate turned to the  oligosiloxanes as the inorganic segment in the polymer
use of a siloxane polymer backboHé®57 Polydimethyl- backbonée? The functional organic segment was derived
siloxane has one of the lowest values known among from a diallyl-substituted fluorinated bisphenol (2,2-bis(3-
polymers. Unless the silicon atoms in a polysiloxane have allyl-4-hydroxyphenyl)hexafluoropropane; F-BSP), as shown

tsro}
CHy "
SXFA

large substituents, the siloxane-{®—Si) linkage can move
and rotate with very little hindrance, resulting in oty
values. Polysiloxanes are also the most popular sorbent
stationary phases used in gdguid chromatography due

to their chemical and thermal stability, favorable wetting

4. Silicon-Based Fluoroalcohol and
Fluorinated-Phenol Polymers

4.1. Linear Silicon-Containing Polymers
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Scheme 7 were twice as sensitive at trace concentrations compared to

CHs CHs CHg HO OH FPOL-coated sensot$BSP3 has been used in SAW sensor
H-Si-0-Si-O0-Si-H + ‘ O studies, SAW array systems with preconcentrators and gas
CHs CHy CHy 7% X chromatographic separation systems, comparison of polymer-

FsC CFs F.BsP coated SAWs with nanoparticle chemiresistor sensors, fluo-
l Pt catalyst rescence chemical agent sensors, solid-phase microextraction,
and studies on the use of nanopatrticles to suppress polymer
dewetting on surface:51:55:57.59.8990

HO OH
CHs CHs CHg O ‘ The synthesis of BSP3 introduced hydrosilylation chem-
-fSi-o-Si-o—Si istry to the development of hydrogen-bond acidic polymers

éHs ('3H3 ('3H3 FsC CFj3 n for sensors and was the first to examine a polymer with a
fluorinated phenol rather than a fluorinated alcohol. In
BSP3 addition, these authors set out hydrosilylation polymerization

fsa versatile method to produce Idy polymers with a
variety of chemical selectivities, including hydrogen-bond
basic, dipolar, polarizable, and nonpotaf? as required to

in Scheme 7. These polycarbosiloxane polymers, assemble
using Pt-catalyzed hydrosilylation chemistry, incorporated
both siloxane and carbosilane linkages. Careful characteriza- : . : S : 6
tion of the products confirmed that the reaction occurred by obtain chgmm_al d|verS|_ty in sorptive sensor aras: )

hydrosilylation to produce SiC bonds rather than potentially Hydrosilylation chemistry was also shown to be a viable

competing dehydrocondensation reactions that could have@Ute to cross-link such hybrid polymers. In addition, using
produced G-Si bonds and consumed the desired phenolic & Photoactivated hydrosilylation catalyst, Pt(agasyrptive

hydroxyl groups'® Materials were made with three, six, or Polymers could be photopatterngd” llluminated regions
tens of silicon atoms in the inorganic segment. The first of ©f the film that are crosslinked by the photoactivated catalyst
these, now commonly known as BSP3, is shown in Scheme&'® retained, while regions that are not illuminated or
7. Use of the silicon-containing inorganic segment succeededcrosslinked are removed in the wash step to develop the
in yielding polymers with lowT, values, reported to be 6 Pattern. The ability to photopattern a sorptive polymer may
°C for BSP3. BSP3 was isolated as a very viscous gum be desirable for some sensor types in order to localize the
phase. polymer onto a specific region of the transducer. In principle,

Hydrosilylation polymerization to produce a carbosiloxane Photopatterning could also be used to prepare large numbers
polymer containing a nonfluorinated bisphenol (2,2-bis(3- of coated Sensors in parallel at the wafer level. To obtain
allyl-4-hydroxyphenyl)propane; H-BSP) had been pre- hydrogen-bond aC|d|c. photopatterngd films, a method was
viously demonstrated by Mathias in a brief communica- developed that combined photoactivated Pt-catalyzed po-
tion.”® Similar polymers with unfluorinated bisphenols have Ymerization and cross-linking in a single step. The mono-
been investigated for surface modification applications by Mers and cross-linker used to prepare photopatterned film
Boileau?’.78 mater_lals related to BSP3 are s_hown m_Scheme 8. An image

Selection of fluorinated phenolic functional groups in Showing photopatterned domains of this polymer as curved
BSP3 was motivated, in part, by prior work by Abraham lines on a silicon wafer is shown in Figure 3.
and Rose, where a variety of low volatility liquid phenolic ~ Poole and Abraham developed a new fluoroalcohol-
materials were compared using gédisiuid chromatographic ~ substituted siloxane polymer dubbed PSF6, as shown in
measurements and LSERsThe F-BSP monomer shown Scheme 92 Platinum-catalyzed hydrosilylation chemistry
in Scheme 7 along with a propyl-substituted variant were Was used to add a trimethylsilyl-protected hexafluoroisopro-
the most strongly hydrogen-bond acidic phenols in the study. panol-functionalized alkene to a preexisting methylhydrosi-
Moreover, they were much more acidic than nonfluorinated loxane-dimethylsiloxane copolymer material. Residual un-
bisphenols (H-BSP and a propyl analog), confirming the role reacted silicon hydrides were then capped by addition of
of electron-withdrawing fluorine atoms to yield more strongly octene, and finally, the alcohol was deprotected. Ap-
hydrogen-bond acidic hydroxyl groups. For example, the proximately 26% of the repeat units were functionalized with
observed partition coefficient for ethylamine at 25 was the fluoroalcohol, and the molecular weight was estimated
10 800 in F-BSP, whereas it was only 56 in the nonfluori- at 4700. This polymer was developed as a high-temperature
nated H-BSP. gas chromatographic phase.

In experiments with SAW devices, BSP3 polymer proved A control polymer with the corresponding unfluorinated
to be an excellent sorbent for DMMP, yielding sensors that alcohol was also prepared for comparison. Using the LSER

HO OH
ors ors on T 1 [T oms ons ons
H{Sli—O—Sli—O—Sli Sli—O-Sli—O—Sli—H

CHs CH; CHg FsC CFs "CH; CHs CHg

Scheme 8

photoactiviated

* 'T' 'ﬂ Pt(acac)2
SiMe; SiMe, \C::ltalyst
(@] (@]
" o éi—O—s',i photopatterned
¥ ! ! and crosslinked
= N

C,) C,) polymer film with
SiMe, SiMe fluorinated
FaC O H 2ie bisphenol

groups
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CF3
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) é OH FsC._ _OH
CFs CFq
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OH
FSC\ZPCFS si-CHa S} {si-cH, -
| N
=

Q CF CFs
tsi-o | \—QO?’H OH
éH3 " Z CF3 FSC

Scheme 10

SXPHFA CS3P2 PMSFA
Scheme 11
Figure 3. Image of a small silicon wafer on which a film of the OH
materials in Scheme 8 was photopatterned to produce three lines FaC CFs
of polymer material containing fluorinated bisphenol repeat units.
Reprinted with permission from ref 55. Copyright 2000 American
Chemical Society.
§i-0
Scheme 9 CHy
Messl\o CH, H PLE
FiCLcFy, + +si-0}tsi-0)g 1. pt
éHS n éH3 a \iatalyst Scheme 12
CF3
2. 1-octene F3C
OH Pt catalyst
FsC
¢ CFs H 3. BuyNF OH
s deprotection
\ {si-o}
! n
CH3
n ~ 30% DKAP
~ 26% . . . .
,T ~ 4% preceding proceedings artictés that described the use of
. Q_Hs _ _ _ SXPHFA provided the synthetic procedures or characteriza-
(HsC)SI—Si-05—-Si-O)—t- S|I_O->p_SI(CH3)3 tion. A series of subsequent proceedings papers, such as
CH, CHy  CH, Polymer Preprintsor PMSE Preprints provided synthetic
PSF6 methods and characterization for various hydrogen-bond

N _ polymers prepared by this grolip'®? and described poly-
method to evaluate the solubility properties of these polymers carhosilanes with hexafluoroalcohol groups derived from the
(see below), it was found that the fluorinated material was reaction of hexafluoroacetone with alkenyl-substituted linear
a strong hydrogen-bond acid with virtually no hydrogen- polycarbosilanes (isolated as yellow o#8}°20ne of these,
bond basicity. By contrast, the unfluorinated control was a PMSFA, is also shown in Scheme 10. (The designation
significantly weaker hydrogen-bond acid and actually a better PMSFA is by this review author, not the inventors.)
hydrogen—bond base than acid. These studies further con- Another group reported the linear po|ysi|oxane dubbed
firmed the principles used to select fluoroalcohols as one of pLF (shown in Scheme 11), which was prepared with
the best hydrogen-bond acidic groups for obtaining selective pendant hexafluoroisopropanol substituents added to an
_sorbent materials for hydrog_en-bond bases. Fluorination existing polymethylhydrosiloxane (PMHS) polymer by Pt-
increases hydrogen-bond acidity by two effects: by the catalyzed hydrosilylation chemistry, in 2000 with additional
inductive electron-withdrawing effect increasing the intrinsic papers appearing in 2001 and 200%2°5 Synthesis and
hydrogen-bond acidity of the unassociated hydroxyl group characterization details were not given.
and by reducing self-association as a result of the lower A Jinear polysiloxane with pendant fluorinated phenol
hydrogen-bond basicity of the alcohol, resulting in more free groups has been prepared by Wheeler at Sandia using Pt-
hydroxyls available for hydrogen-bonding interactions. This catalyzed hydrosilylation chemistry to add an allyl-substituted
paper also reviewed a variety of hydrogen-bond acidic phases3 5-bis(trifluoromethyl)phenol to an existing PMHS poly-
that had been prepared and evaluated by LSERs up to thamer84106 This polymer, dubbed DKAP, has the repeat unit
date, including FPOL, PSpFA, SXFA, and some nonpoly- shown in Scheme 12. It has been used on SAW sensors as
meric bisphenol molecules. - _ ~ part of Sandia’s microChemLab SAW array systémnd

In a 2001 journal paper describing explosives detection mentioned in connection with studying the effects of nano-
with coated SAW device®, McGill and Houser reported @ particles for suppressing the dewetting of polymer films from
polysiloxane and two linear carbosilane polymers, all with substrate surfacé&’ The synthesis and characterization
pendant hexafluoroisopropanol-substituted phenyl groups.remains unpublished.

Two of these, SXPHFA and CS3P2, are shown in Scheme ,

10. This paper introduced hydrogen-bond acidic polycar- 4.2. Hyperbranched and Polyhedral Architectures
bosilanes; like polysiloxanes, many carbosilane polymers Hyperbranched polysiloxane and polycarbosilane struc-
have low Ty values. However, neither this paper nor tures have also attracted interest. A hyperbranched material
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Scheme 13
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dubbed PBF, containing both siloxane and carbosilane degraded by functionalization. The molecular weight gains
linkages, was claimed in 2008 A proposed structure  due to functionalization and the resulting polydispersity were
corresponding to a branched version of PLF (Scheme 11)quite variable. (The names in Scheme 14 were created here
was depicted, but no synthesis or characterization data wereby combining “HB” for hyperbranched and the number
reported. corresponding to the number in these authors manuscript.)
A thorough full journal paper on hyperbranched polymers These polymers were coated onto 500 MHz SAW devices
with strongly hydrogen-bonded acidic groups was published and tested against DMMP.
in 2004 by Dvornic and co-workers at the Michigan In a series of reports i®MSE Preprintsand Polymer
Molecular Institute’®® These authors generated hyper- Preprintsstarting in 2003, Houser, Simonson, and McGill
branched silicon-based polymers using hydrosilylation as described hyperbranched polycarbosilanes with fluoroalcohol
shown in Scheme 13, which were subsequently functional- groups and indicated their synthetic approacfie$? The
ized as shown in Scheme 14. The functional groups include fluoroalcohol-substituted polymers are viscous HitsA
fluorinated alcohols and phenols similar to those in previous hyperbranched structure dubbed HC, used in a number of
linear polymers, added using either hydrosilylation chemistry subsequent sensor studies, was developed. The pendant
or the reaction of hexafluoroacetone with an allyl group (as functional groups on HC are shown in ref 74 and correspond
in SXFA, Scheme 6). The resulting polymers were all yellow to those in the linear PMSFA (Scheme 1) Linear and
oils. The hyperbranched backbones had reported moleculathyperbranched polycarbosilanes have been used in SAW
weights of 2913 and 6322 for HB-PCSOX, a hyperbranched devices for explosives and chemical agent detection, on
polycarbosiloxane, and HB-PCS, a hyperbranched polycar-microcantilever beams, with chemicapacitive sensors, and
bosilane, respectively. The molecular weights were not as sorbents on microfabricated preconcentr&fos’®.116112
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Scheme 15
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Full publication of the synthesis and characterization of the SCheme 16
linear and hyperbranched polycarbosilane polymers inapeer- R R CFg
! . . \ = \ H
reviewed journal would be desirable and would help to o’S'i_Oo_’S'i/\/ O,§i—0&§i/\/\ig
i - / 5 3
support the published performance of HC-coated sensors an®®-g =251~ F4C._O R\Si_OQSi_F?
devices. OR Sigo-Si_ hd R-Silo-Si
L . CF O 7.
Polyhedral oligosilsesquioxane (POSS) compounds rep- 51 o s| R < iBu el ,Sli-O-Sli‘ R < iBu
resent yet another silicon-containing architecture that has ® R R
been functionalized with hydrogen-bond acidic groups, as SXFA-POSS

shown in Schemes 15 and #8This report appeared in early ; ; ; ;
2007. The POSS starting materials used were of a precisely5' Linear Solvation Energy Relationships

defined size of the general formulag$s01, with the R Linear solvation energy relationships, or LSERS, are
groups on the corners of the nanoscopic cubic structure.semiempirical models for solubility-dependent phenomena,
Hydrosilylation chemistry was used to create octafunction- expressing a measure of the phenomenon as a linear
alized POSS compounds starting with the octa(oxidimeth- combination of terms related to fundamental interactions. The
ylsilane)POSS shown in Scheme 15. Functionalization was partition coefficient, for example, is a measure of the sorption
designed to match prior linear polymers, leading to octa- of a vapor from the gas phase into a sorbent phase serving
substituted BSP3-POSS, for example, which has bisphenolas the solvent. The vapor is the solute, and the interactions
groups similar to BSP3 (Scheme 7). The octasubstituted are by definition solubility interactions. LSERs have been
material designated ‘FPOL’-POSS (quotation marks added successful in correlating a vast amount of solubility-
by this author), however, has functionalization more similar dependent phenomena, often to the precision of the available
to PSmFA (Scheme 2), PSF6 (Scheme 9), or SXPHFA data?3#114116

(Scheme 10) than to the original FPOL (Scheme 1). An  For a sensor whose response is directly proportional to
unfluorinated phenol was also used to prepare an octasubthe amount of vapor sorbed in a polymer layer, the sensor
stituted phenol-POSS. A monosubstituted SXFA-POSS wasresponse represents a measure of the solubility-dependent
prepared to mimic the linear SXFA (Scheme 6) polymer, as phenomenon. Application of LSERS to the study of polymer-
shown in Scheme 16. coated chemical sensors was introduced in 198&l has

All the new POSS compounds were fully characterized. been described in detail in a number of articles and reviews
The BSP3-POSS and phgnoI—POSS wereyisolated as whitd?Y Abraham, Grate, and McGf::222057 11 SERs have
solids. ‘FPOL-POSS and SXFA-POSS were isolated as P€€n discussed independently by Hierlemann éal.
yellow gums. These compounds were investigated as func- 1N basic form of the LSER developed by Abraham for
tionalized “nanofillers” in nanofiller-polymer blends used V2P sorption Is given in equz’a\ﬁ?eté is the partition
as sorptive coatings on SAW sensors. The POSS compound&oemcIent as defined in eq %22
were blended with either the corresponding linear fluoro- — H H H 16
polymer or an unfunctionalized polycarbosilzgne. The vapors 0gK=c+ Ry + 875 + a2, + b, +1logL™ (9)
used to test the coatings were nitroaromatic compounds. A set of solvation parameteR, 5, a5, =35, and logL6
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Table 2. LSER Coefficients for Selected Polymers and Phenolic Liquids Determined at 298 K

material LSER coefficients
abbreviation type polarizability, dipolarity/polarizability,s basicity,a acidity,b dispersion/cavityl,
FPOL HBApolymef —0.67 1.45 1.49 4.09 0.81
PSpFA HBApolymet —1.54 2.49 151 5.88 0.90
SXFA HBApolymef —0.42 0.60 0.70 4.25 0.72
PIB LPpolymef —0.08 0.37 0.18 0.00 1.02
PECH LPpolymet 0.10 1.63 1.45 0.71 0.83
SXPH LPpolymet 0.18 1.29 0.56 0.44 0.89
F-BSP HBAliquidt —0.48 1.04 0.89 4.56 0.863
H-BSP HBAliquicf —0.92 2.24 2.79 241 0.975

aData are from refs 44 and 79 for measurements at 298TKe polymers are fluoropolyol (FPOL, Scheme 1), poly(4-vinylhexafluorocumyl
alcohol) (PspFA-Scheme 2), a hexafluoroisopropanol-substituted polysiloxane (SXFA, Scheme 6), poly(isobutylene) (PIB, Scheme 17),
poly(epichlorohydrin) (PECH, Scheme 17), and a 75%-phe@§Pb6-methylpolysiloxane (SXPH, Scheme 17). The phenols are 2,2-bis(3-allyl-4-
hydroxyphenyl)hexafluoropropane (F-BSP in the table, shown in Schemes 7 and 8) and the unfluorinated 2,2-bis(3-allyl-4-hydroxyphenyl)propane
(H-BSP in the table)¢ HBApolymer = hydrogen-bond acidic polymer, LPpolymer low-polarity polymer, and HBA liquid= hydrogen-bond
acidic bisphenolic liquid.

characterize the solubility properties of the monomeric vapor treatment we will retain the old notation in eq 9 for

moleculeg3115119Their corresponding coefficients, s, a, consistency with the papers being reviewed.
b, and the lettel represent the complementary properties of
the sorbent phase acting as the solvent. These coefficients, logK=c+eE+sS+aA+bB+IL (20)

and the constard, are obtained by regressing the measured

partition coefficients of a series of diverse solute compounds |n eq 9, thel coefficient to logL6 is related to dispersion
against the known solvation parameters of those compoundsnteractions and the cost of cavity formation in the sorbent
by the method of multiple linear regression. Typically, the phase. Thes coefficient is related to the sorbent phase
required partition coefficients are determined from the dipolarity and polarizability. Similarly, the coefficient is
retention times of injected solutes on a g#iquid chro- related to polarizability. Thea and b coefficients, being
matographic column using the sorbent phase of interest ascomplementary to the vapor hydrogen-bond acidity and
the stationary phase. The coefficients that characterize SOI’benbasicity, represent the sorbent phase hydrogen-bond basicity
phase properties are of particular interest in the context of and acidity, respectively. Thus, thecoefficient can be used
this review. to characterize hydrogen-bond acidic polymers.

The solvation parametd®; is a calculated excess molar A preliminary equation for FPOL was provided in 1991,
refraction parameter that provides a quantitative measure ofgnqg | SER equations for four fluoroalcohol polymers were
polarizable nonbonding and electrons. The parametet published in 1995 as part of a study of 14 sorbent phases at
measures a molecule’s ability to stabilize a neighboring 25 °C44 This set included FPOL (Scheme 1), PSpFA
charge or dipole through dipotedipole or dipole-induced  (Scheme 2), SXFA (Scheme 6), and a hydroxy-terminated
dipole interactions, for example. The hydrogen-bonding Fomblin Z-dol liquid. Also published in 1991 was a paper
parameter&a), andZ3} measure effective hydrogen-bond examining a large set of phenolic liquids, such as F-BSP,
acidity and basicity, respectively. The Iag® parameter is  which is the fluorinated bisphenol monomer shown in
the liquid/gas partition coefficient of the solute on hexade- Schemes 7 and 8. Results of these studies were also
cane at 298 K (determined by galgquid chromatography).  summarized in a 1998 paper that introduced the fluoroalco-
The log L'® parameter is a combined measure of exoergic hol-substituted siloxane PSF6, shown in Scheme 9. LSER
dispersion interactions that increase Id§and the endoergic  coefficients for PSF6 were determined at temperatures from
cost of creating a cavity in hexadecane leading to a decreasé81 to 171 °C. In 2000, Chehimi et al. reported gas
in log L. All of these parameters, excelRi, were derived chromatographic characterization and LSER coefficient de-
fromequilibriummeasurements of complexation or partitioffitg, > termination for PLF (Scheme 11) and PBF at &
and the LSER method is free-energy related. However, the The LSER coefficients for selected polymers and bisphe-
parameters do not all scale with free energy equivalently. nols at 25°C are summarized in Table 2. We are particularly
While the parameters for hydrogen-bond acidity and basicity interested in hydrogen-bonding properties, given by ahe
are similarly scaled, for example, the 1&4® parameter is  andb coefficients, which like their corresponding solvation
quite different. Free energy contributions must be calculated parameters scale equivalently with free energy. (However,
for particular solvent/solute pairs for comparison as we shall the a andb coefficients cannot be compared directly with
illustrate below. thel coefficient, for example, which scales differently) Three

The complicated notation for the solvation parameters low-polarity polymers, whose structures are shown in
arose from the process of developing the scales and revisingScheme 17, are included for comparison. The fluoroalcohol
them, each revision requiring a modification of the notation. polymers all have large coefficients, indicating their
As the descriptor scales are now well established, the notationhydrogen-bond acidity, while thecoefficients are low. By
was recently revisetf, such that solvation parametefs, comparison, the low-polarity polymers without fluorinated
ng Zag, Zﬂ?, and logL'® are now denoted bE, S, A, B, alcohol or phenolic groups lack significahtcoefficients.
and L, respectively. The LSER eq 9 is then more easily Like the fluorinated alcohol polymers, the fluorinated
written as eq 10. The coefficients remain the same exceptbisphenol F-BSP also has a largeoefficient and a lova
ther coefficient is now represented as @noefficient. The coefficient. By contrast, the unfluorinated bisphenol H-BSP
development of the solute descriptors and the new notationhas a much smalleb coefficient than the fluorinated
were described in detail in a recent reviéWn the current bisphenol and is actually a stronger hydrogen-bond base than
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Scheme 17 acids?® Hierlemann, Zellers, and Ricco further discussed
HsC, CHg the use of SAW sensor responses for determining LSER
A coefficients in 200118 Also in 2001, Grate et al. reported
PIB CHa LSER equations determined from SAW sensor responses for
fSi—ojH—(Si—oj;n 14 polymers that were “well-behaved” as sensor coatings
CH,CI and 6 less well-behaved materigl#Among the well-behaved
‘(o )\% polymers were three hydrogen-bond acidic polymers, includ-

ing SXFA (Scheme 6), BSP3 (Scheme 7), and a BSP3 analog
with longer oligosiloxane segments. Thecoefficients for

acid, as noted previously. These studies confirm the impor- these three polymers were significantly higher than any of
tance of fluorination in achieving high hydrogen-bond acidity the other well-behaved polymers, consistent with the hydrogen-
and simultaneously lowering hydrogen-bond basicity. The bond acidity expected from the fluorinated functional groups.
latter factor improves overall selectivity and simultaneously  The first use of QCM devices to obtain data for determi-
reduces self-association; reduced self-association then alsmation of LSER coefficients was reported in 2001 by
contributes to stronger hydrogen-bond acidity. Hierlemann et al. Results for six polysiloxanes were reported,
For a given vapor/polymer combination, the LSER ex- none with fluorinated alcohol or phenol functionalt#f.One

presses the log of the partition coefficient as a linear com- polysiloxane with 10% carboxylic acid groups was listed as
bination of terms. Given the respective solvation param- an acidic polymer; however, the LSER analysis showed little
eters and coefficients for a specific vapor-polymer pair, the hydrogen-bond acidity and much greater hydrogen-bond
magnitude of each term can be calculated and compared toasicity. These results reaffirm the principle that fluorinated
determine which interactions make the largest contributions. alcohols or phenols are preferred for obtaining hydrogen-
While dispersion interactions are nearly always important, hond acidity in a sorptive polymer for the purpose of sorbing
the hydrogen-bonding interaction between a strongly hydrogen-hydrogen-bond basic vap@tsand provides experimental
bond acidic polymer and a moderately to strongly basic vapor evidence that pendant carboxylic acids do not result in
can also be quite significaft. effective hydrogen-bond acidic polymers for vapor sensing.

Table 3 illustrates the determination of interactions using The |atter result is consistent with the notion that carboxylic
SXFA as a representative hydrogen-bond acidic polymer andycids will self-associate.

four vapors. Polarizability and dipolarity interactions can be
taken as the sum offR, + s75), where therR? term is

PECH SXPH

The conventional use of LSERs in sensor research has
normally a small correction to the overall dipolarity/ been o characterize sorptive polymers or develop LSER
AR s H equations that can be used to predict partition coefficients
polarizability mtergctlon mﬂcated bgr,. The hydrogen-  and/or sensor responses based on the polymer parameters
bonding termsXa; andbXf; represent hydrogen-bonding and vapor solvation parameters. Grate and Wise proposed
interactions where the polymer is a base or an acid, jnstead that the responses of an array of sensors could be
respectively. It is difficult to separate the dispersion interac- sed to determine the solvation parameters of the sensed
tions favoring sorption from the cost of forming a cavity. vapor’2 Given an array with a suitably diverse set of known
Together, these can be best represented as the sum of thggatings and gravimetric sensor responses, the array pattern
regression constamtand thel log L*® term® It is clear in vector could be transformed into a vector containing the
Table 3 that when the polymer is an acid (SXFA) and the goyation parameters as descriptors of the vapor. In this way,
vapor is a base (e.g., triethylamine, DMF, or ethanol), the g array detecting a vapor that had not been included in a
hydrogen-bonding term is a significant contributor to the yior training set might be able to characterize the vapor in
magr_utude of logK. Dispersion interactions are significant  {orms of these descriptors and suggest what vapor it might
contributors for most vapors from compounds that are e pased on comparison of the found descriptors with those

condensed liquids at room temperature. ___for known vapors. In order to be a diverse array, hydrogen-
Sensor signals can also be used to develop LSER equationg )4 acidic polymers would be required

for sorbent polymers if the response is proportional to the e _ .
amount sorbed as a mass, as shown above in eq 6, since A method S|mllgr to classical Ieast-squares (CLS) gallbra-
responses are directly proportional to the partition coefficient tion (often used in spectroscopy) was derived for simulta-
without any analyte-specific sensitivity factors. Thus, the neously obtaining the full set of descriptor valu_es from the
responses of a polymer-coated QCM or SAW could be used@rray response vector. The approach requires that the
to develop an LSER equation for the polymer if the responsesinteractive properties of the sorbent sensing layers be known
are purely gravimetric. For a SAW sensor with a modulus and quantified as LSER coefficients (polymer parameters).
contribution to the response, this condition is not strictly true, In addition, inverse least-squares (ILS) methods could be
and variations in vapor-specific volumes will cause the used to process the array response vectors, in which case
observed responses to vary in their proportionalitykto  individual models are developed for each vapor descriptor.
values (see above, eq 8). In this regard, determining LSERsThe ILS approach does not require advance knowledge of
from SAW sensor responses is somewhat less rigorous tharpolymer parameters, but it does require that an adequate
using true partition coefficients or responses of purely calibration data set be available to derive the ILS models.
gravimetric sensors. Once the CLS or ILS models are developed, an array might

Nevertheless, it has been shown empirically that good be used to characterize an unknown vapor in terms of its
correlations can be obtained between SAW sensor responsegescriptor values, even if the specific unknown vapor had
and vapor solvation parameters, providing LSER coefficients not been in the training set. This approach stands in contrast
that characterize the polymer solubility properties in a to most conventional pattern recognition approaches that are
sensible way. This approach was first shown by Zellers in based on matching patterns from unknowns to patterns from
1993 for four polymers, none of them hydrogen-bond known compounds in the training set.
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Table 3. Calculated Interaction Terms for Four Vapors Sorbed by SXFA, a Hydrogen-Bond Acidic Polymer
dipolarity/polarizability

hydrogen bonding,  hydrogen bonding,  dispersion/cavity ~ partition coefficient

vapor (rRy +s75) a, o b, 385 (c+1log L9 log K
n-hexane 1.84 1.84 (1.74)
triethylamine 0.05 3.36 2.10 5.51
DMF¢ 0.64 3.15 2.20 5.99
ethanol 0.15 0.26 2.04 0.99 3.44 (3.54)

aNo data indicate terms calculated to be zérdhese are calculated values, each derived from the sum of the interaction terms plus the constant.

Values in parentheses are measured valulg\N-Dimethylformamide.

14 - - been investigated by several grogpgs121553.125.13141 The
12l Calibration for SAW qlevice is a _member .of a family of devices called
’ acoustic wave devices that include the QCM (also referred
1t oDMP to as a thickness shear mode or TSM device), surface
5 transverse wave devices, Love wave devices, flexural plate
3 08 POMF wave devices, Leaky SAW devices, and shear horizontal
= 06} MEK MIK acoustic plate mode devices. Acoustic wave devices have
e R been reviewed in many prior treatmefit4!:20.22142154 gng
iT 041 ACN® “eBME acoustic wave devices in arrays for chemical vapor sensing
02}  TFE L0 ®NME were specifically reviewed in this journal.
0 ELE o  $BIN Polymer-coated acoustic wave devices are sorption-based
[H I.O%CM sensors as shown in Figure 1. They detect the mass loading
s : . - : ‘ - and sometimes the modulus changes that occur upon vapor
0 02 04 06 08 1 12 14

Reference Value

sorption in the polymer film. The signal measured is typically

a resonant frequency. Hydrogen-bond acidic polymers are
relevant in two primary senses. First, they afford sensitivity
to hydrogen-bond basic analytes of interest such as chemical
agents and explosives (see below), and second, they help to
ensure the diversity of chemical selectivities in a sensor
These approaches for Converting array responses to chemiarray?2 Diverse chemical selectivities help to ensure that the
cal information were initially derived for mass-transducing array collects as much chemical information as possible about
sensors such as acoustic wave serfastended to volume-  the sample by probing all of the available interactions and
transducing sensdrfssuch as chemiresistors with carbon Solubility properties that can be used to distinguish one vapor
particle/polymer composite sensing |ayé’<}%3,—27 and then from another. Hydrogen-bond acidic polymers ensure that
extended to mass-plus-volume-transducing serfs6fSA the array responds to the hydrogen-bond basicity of sorbed
po|ymer-coated SAW device can be regarded as a mass-~vapors. Such arrays can be useful for a variety of volatile
plus-volume transducing sensor if the response includes aorganic compound detection applications. While generally
modulus contribution as well as a gravimetric contribution. useful for this purpose, the importance of including a
Actual SAW array response vectors were used to derive hydrogen-bond acidic polymer in an array depends on the
ILS models that could correlate and predict vapor solvation analytical task the array is expected to perféith.
parameter8’ Successful correlations can be developed by
multiple linear regression (MLR), principal components 6.1. Chemical Agent Detection
regression (PCR), and partial least-squares (PLS) regression. . ,
The best fits to the training data were obtained using MLR; . Hydrogen-bond acidic polymers emerged as key coatings
however, cross-validation indicated that prediction of vapor fOF acoustic wave sensors to promote the sorption and
descriptors for vapors not in the training set was significantly détection of organophosphorus chemical agents and their
more successful using PCR or PLS. The array data includegSimulants. The principle of hydrogen bonding in this appli-
responses from sensors coated with strongly hydrogen-boncfation was shown in Figure 2 above. Organophosphorus
acidic polymers such as SXFA (Scheme 6) and BSP3 coTpounds are particularly strong hydrogen-bond bases;. the
(Scheme 7). Having at least one of these types of polymersZf, value for DMMP, for example, is 1.05. For compari-
in the array is essential for obtaining good information about son, theZﬂ;' values for other basic volatile organic com-
a vapor’s hydrogen-bond basicity as represented bi}ﬁﬁ'e pounds such as nitromethane, acetone, and ethyl amine are
solvation parameter. Figure 4 shows the correlation between0.27, 0.49, and 0.61, respectively. Much of the synthetic work
the 5B values found for vapors in the training set, using described in the preceding sections was motivated by this
six-factor PCR models to process the array data, and the@Pplication need. Typically, DMMP or diisopropyl meth-

known referenc&p! values for those vapors. The correla- ylphosphonate (DIMP) was used as a.simulant, although in
tion is very good 2 ' a few cases responses to actual chemical agents such as GD

(soman) or GB (sarin) have been reporiégf:+3.84.105
6. Acoustic Wave Sensors and Arrays Thg benefit of incl_uding a polar hyd_rogen-bond acidic
' functional group for improving sensitivity to organophos-
A significant portion of the development of acoustic wave phorus compounds can be seen in Figure 5. This plot shows
sensor arrays has been focused on surface acoustic wavéhe calibration curves for SAW sensors coated with two
(SAW) devices. Wohltjen introduced these devices as the hydrogen-bond acidic polymers, FPOL and BSP3 plotted
basis for chemical vapor sensdt}?°and they have since  with solid lines, compared with sensors coated with nonacidic

Figure 4. Calculated vs reference values for tliwg vapor
solvation parameter for calibration from six-factor PCR models.
Reprinted with permission from ref 57. Copyright 2001 American
Chemical Society.
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Figure 5. Calibration curves for organophosphorus compound sensors 1o DIMP, inially and over 2 months later.

DMMP as sensed by polymer-coated SAW sensors, comparing the ) o ) L
hydrogen-bond acidic polymers BSP3 and FPOL with nonacidic t0 basic compounds after the initial coating application and
polymers PDMS, SXPH, and PECH. testing!%8113These authors spray-coated polymer films onto
500 MHz SAW devices and tested with DMMP or DNT. In
polymers PECH, SXPH, and polydimethylsiloxane (PDMS) one paper, it was reported that a BSP3-coated SAW device
shown with dashed lines. The PDMS polymer is a nonpolar lost 90% of its sensitivity in just 10 day$? Indeed, all their
polymer containing the same repeat units that are found in hydrogen-bond acidic polymer-coated sensors showed sig-
the oligosiloxane segments of BSP3 and hence illustratesnificant declines in sensitivity with time. By contrast, Grate
DMMP sorption by a polymer if the polar organic groups and Rapp examined BSP3 on Rapp’s SAW sensor sys-
are left out altogether. Promotion of sorption and response tem1°5156 Coatings were applied by electrosp¥dyto 434
by including hydrogen-bond acidic functional groups is MHz SAW sensors. As shown in Figure 6, these sensors
clearly evident and confirmed by including other nonacidic did not show a significant aging effect. Thus, it would appear
but somewhat more polar polymers, PECH and SXPH (seeto be unlikely that poor aging behavior represents an intrinsic
Scheme 17 for their structures). property of the hydrogen-bond acidic polymers themselves,

Most acoustic wave sensors for agent detection have beerS OPposed to an operational property of a polymer film on
based on SAW sensors; however; there are reports using? Surface.
other acoustic wave devices such as Love wave sef$éps. .
A number of reports give an indication of the sensitivity of 0-2. Acoustic Wave Sensor Array Systems

polymer-coated SAW sensors to organophosphorus com- |n sensor systems with preconcentrators, even greater
pounds. Using FPOL (Scheme 1) on 158 MHz SAW devices, gperational sensitivities and lower detection limits can be
signals of over 1000 Hz were reported at 1 myDmMMP.*3 achieved relative to those for direct sensing as just described.
Using BSP3 (Scheme 7) on 200 MHz SAW devices, signals |ndeed, much of the development of SAW sensors for agent
of over 20 000 Hz were observed in response to 8 Mg/M detection has focused on sensor arrays and sensor arrays
Taking the noise to be about 3 Hz, for a minimum detectable preceded by preconcentrators. More recent systems have also
signal of about 10 Hz at a signal-to-noise ratio of 3, the placed gas chromatographic separation columns between the
detection limit would be 0.004 mgfhor about 1 ppb by  preconcentrator and the SAW array. In the first investigations
volume?® Using SXFA (Scheme 6) on a 250 MHz SAW  of SAW sensor arrays with pattern recognition anal§fé,
device, responses of 65000 Hz to10 my@MMP were  FpOL was included in the polymer coatings and provided
reporteck® SAW sensors (500 MHz) freshly coated with the highest sensitivity to simulant DMMP. On the basis of
HB-4 (Scheme 14), which has phenolic functionality similar hjerarchical cluster analysis, FPOL was one of the most
to BSP3, were reported to give responses of 3629 Hz to 0.5jstinctive polymers in the data set, and it was among the
mg/m? DMMP.1%® Signals and detection limits depend on coatings selected for a subset of four polymers that could
several factors, including the sensor temperature, SAW syccessfully discriminate between one class of vapors
device frequency, noise, and polymer coating thickness, including chemical agent simulants and another class of
which vary among different studies. These data therefore yapors containing a diversity of potential interferenteghis
provide indications of the high sensitivity without necessarily \work eventually lead to a complete prototype SAW array
providing rigorous quantitative comparisons. Value as a system with automated sample preconcentration using FPOL
SAW coating also depends on other factors such as theas the agent-sensitive coatiffgThis was the first example
quality of the thin film that can be prepared on sensor. The of an acoustic wave sensor array system with on-board
variety of polymers shown in the previous sections provides preconcentration.
a wealth of choices for developing effective sensors. The Sandia microChemLab system has integrated a
One group reported that SAW sensors coated with microfabricated preconcentrator, a microfabricated chro-
hydrogen-bond acidic polymers rapidly lose their sensitivity matographic column, and an array of polymer-coated SAW
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sensors. Use of BSP3 and DKAP (Scheme 12) polymers hasdispersion interactions and less prone to interact by hydrogen
been essential to the success of this platform in detectingbonding than typical organophosphorus compounds related
DMMP and chemical agen#é136Zellers developed portable to chemical agents. It is also the case that nitroaromatics
gas chromatographic instruments for chemical vapor analysishave largeR, and ﬂg parameters, indicating a very good
using SAW array detectors and included BSP3-coated ability to interact by dipole-dipole and dipole-induced
sensors in the arrd§?> Similarly, he included BSP3 in a  dipole interactions.
personal vapor monitor based on SAW sen§bEexural
plate wave acoustic sensors and systems have also use ; :
hydrogen-bond acidic polyme?éss 9. Microcantilever Sensors
) . Micromachined cantilever structures represent a more
6.3 Explosives Detection recent transducer for chemical and biological sensors and
Detection of nitroaromatic compounds as simulants for &rays:**"1%The cantilever structure is supported at one end
nitroaromatic explosives such as trinitrotoluene (TNT), using PY the bulk chip material and extends either over an etch pit
a sensor coated with a hydrogen-bond acidic polymer, was©' over the end of the chip like a diving board. These
first described by McGill et al. These authors used SXPHFA Structures can be made in various sizes with 260long
(Scheme 10) as the polymer to promote sorption of the by 50 um wide by_ 1um thick belng_ a representative size.
nitroaromatic compounds through hydrogen bonding with Several such devices can be fabricated as part of a single
basic nitro group&9In tests using 250 MHz SAW sensors, Cchip for array-on-a-chip configurations. Two transduction
the authors observed responses of 8500 Hz to 400 ppb c,fme_chanlsms are typically used, e_lther the resonant frequency
2,4-dinitrotoluene (2,4-DNT), which was generated by pass- §h|ft ora bending mode (_)bservat|on. The resonant frequency
ing nitrogen through a column of 2,4-DNT-coated sand. The IS shifted by mass loading on the surface or in a surface-
authors extrapolated these results to a detection limit of 0.2352PPlied film. Bending arises not from the weight of collected
ppb at a signal-to-noise ratio of 3. Infrared spectroscopic @nalyte but rather from the effect of the sorbed analyte on
studies of SXPHFA containing sorbed nitrobenzene (NB) surface stresses, Ie.admg to bendlng. Microcantilever move-
were carried out to support hydrogen bonding between nitro MeNts can be monitored with optical methods or operated
groups and the polymer hydroxyl groups. Free hydroxyl USing capacitive, piezoresistive, or piezoelectric methods.
groups declined (but did not disappear), and hydrogen- Thundat et al. reported detection of 2,4-DNT using a
bonded hydroxyl groups increased, as shown in difference polymer-coated microcantilever in 2004A commercial
spectra between the neat polymer and polymer containing“V”-shaped cantilever was coated by SXFA (Scheme 6)
sorbed NB. using matrix-assisted pulsed laser evaporation (MAPY-E)
McGill's group provided more results on explosives to deposit a uniform film of the polymer on one side of the
detection on SAW devices in 2001, including IR spectro- cantilever. The other side of the cantilever was coated with
scopic studies of polymers with and without sorbed NB or gold, which facilitated reflection of a laser bean for optical
DMMP.61 Both of these basic sorbates reduced the free detection of cantilever motions. The film thickness was
hydroxyl stretch. The OH stretch for the hydroxyl group reported to be roughly 600 nm. 2,4-DNT concentrations
hydrogen bonded to analyte appeared at lower wavenumberspbtained by passing carrier gas over a temperature-controlled
with DMMP shifting the stretch significantly farther as a 2,4-DNT sample were determined by trapping a known
result of its stronger hydrogen-bond basicity. Response volume on a Tenax trap and analyzing the amount of sorbate
behaviors of 250 MHz SAW devices coated with CS3P2 by gas chromatography with mass spectrometric detection.
(Scheme 10) and CS6P2 (a similar polymer with a longer  Reversible and repeatable responses at 45 ppb 2,4-DNT
methylene chain between silicon atoms) were presented andvere observedni 5 s exposures, leading to an observed
discussed. These polymers had similar responses to DNT insensitivity of 4.5 nm/ppb. These results were extrapolated
tests at 31 ppb, and a detection limit of 0.095 ppb was to a detection limit of 0.300 ppb at a signal-to-noise ratio of
extrapolated at a signal-to-noise ratio of 3. 3. Several advantages of using the SXFA polymer were
The nitroaromatic compound DNT has also been used in noted. Bending mode responses were found to be critically
the evaluation of the POSS compounds shown in Schemesdependent on the film thickness, with coatings of 150 nm
15 and 16, which were blended with linear polymers to or less yielding very small responses compared to those with
prepare composite SAW sensors coatitgs. the 600 nm film. This paper also presented mass-loading
When explosives are compared to organophosphorusresponses from resonant frequency shifts. Frequency de-
compounds with regard to sorption to hydrogen-bond acidic creased with added mass as expected. The signal-to-noise
polymers, the relative roles of hydrogen-bonding and disper- for this mass-transduction mechanism was clearly less than
sion interactions may differ. The effective solvation param- that obtained in the bending mode response for the type of
eter=4, for NB, DNT, and TNT has been reported to be cantilevers being used. This group has also described
0.28, 0.47, and 0.61, respectivéfyFor comparison, nitro-  detection of nitroaromatic compounds using cantilevers
methane has a value of 0.27, similar to NB. The nitro group coated with a monolayer of 4-mercaptobenzoic a&id.
is not intrinsically a very strong hydrogen-bond base, whereas A cantilever beam sensor with a hydrogen-bond acidic
the phosphoryl group of an organophosphorus compound iscoating for chemical agent detection has also been de-
quite a strong hydrogen-bond base (e.g., DMMP th?;‘:l scribed!!! A sophisticated device design for operating the
value of 1.05). On the other hand, explosives have much cantilever in a resonant frequency mass detection mode was
higher logL'¢ values than DMMP. This parameter is related developed, incorporating an electrostatic actuation mecha-
to promotion of sorption by dispersion interactions. For nism to drive the beam and a piezoresistive transduction
example, the lod.*® values for TNT and 2,4-DNT are 7.85 method. The device also incorporated an on-beam heater. A
and 6.26, respectively, whereas that for DMMP is only 3.75. functionalized polycarbosilane dubbed HCS&2vas de-
In general, nitroaromatics are more prone to interact by posited from dilute chloroform solution using a piezoelectric
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7 . . . . film are not necessarily known, it is clear that the amount
sorbed in the film (see eqs-%) is a dominant influence on
the sensitivity and selectivity among the tested vapors.
_ The Ni PCCP sensor was very sensitive to DMMP, with
6 Y 7 responses at 17 mgfproviding a signal-to-noise of 684,
suggesting an extrapolated detection limit on the order of
yd 0.1 mg/n? at a signal-to-noise of 3. The strategy of using
yd the sorptive polymer to influence the sensitivity and selectiv-
/ ity of a conducting particle/insulating polymer composite on
a chemiresistor sensor has also been used in the development
yd of arrays of carbon black/polymer composite chemiresis-
4l . | tors 126,165
e FPOL and SXFA have been used as overcoats on conduc-
// tive polymer fabric sensors in an effort to promote sensitivity
and selectivity for organophosphorus compouftidsowever,
3 / - the fluoroalcohol-containing polymers did not increase the
. responses to DMMP.

Log Relative Sensitivity
N

2 ! . , . 8.2. Chemicapacitors

2 3 4 5 6 7 Chemicapacitof§®167represent a relatively new platform
Log Ksaw in FPOL for the use of hydrogen-bond acidic polymérs?* 7> Patel
Figure 7. Correlation of the relative sensitivities of a NiPCCP/ and Misna degcnbe_d_mlcrofabrlcated dev_lces n parallel plate
FPOL chemiresistor to a range of vapors with the tendency of those @nd elevated interdigitated electrode configurations. The latter
vapors to be sorbed by FPOL as indicated from measurements ondesign provides excellent access of vapors to the polymer
SAW devices. Figure plotted from data in ref 41. coated on the electrodes. The parallel plates are designed
with openings in the “top” plate for polymer deposition into
inkjet dispensing head. Response to dilute DMMP at 0.1 the capacitor gap and vapor access to the polymer. In
mg/me or 20 ppb was reported to be 30 Hz at a 10 Hz noise chemical agent tests it was observed that the interdigitated
level. Hence, this concentration represents the detection limitdesign was faster to respond but slightly less sensitive than

at a signal-to-noise ratio of 3. the parallel plate design. Chemicapacitors respond to changes
in the permittivity within the sensed volume of the capacitor
8. Sensors Responding to Electrical Properties that contains the sorptive polymer. Changes in the polymer

, , . due to vapor sorption (e.g., swelling) and analyte-specific
In this section, we consider sensors that respond 10 giglectric properties influence the observed response. Poly-
conductivity changes or capacitance changes and include gners are typically applied from solution using a piezoceramic

hydrogen-bond acidic polymer as a component. inkjet head. Using a variety of polymers, including some
hemiresi hydrogen-bond acidic polymers, these investigators reported
8.1. Chemiresistors detection limits for many volatile organic compounds,

In 1990, Grate and co-workers at NRL described the use Warfare agent simulants, and nitroaromatic compounds.
of FPOL—phthalocyanine composite films on interdigitated ~ In one study using parallel plate capacitdrSXFA-coated
electrodes at room temperature as chemiresistor sensors foflevices were reported to respond to DMMP at 0.18 ppm
organic vapord! At a constant test voltage, these sensors (ca. 1 mg/m) with a signal-to-noise of 300, leading to an
respond with a change in current as sorbed vapors alter theextrapolated detection limit of 2 ppb (ca. 0.01 mé/mt a
resistance of the sensing film. Chemiresistor sensors with signal-to-noise of 3. A detection limit of 0.1 ppb was
phthalocyanine films were already well known. This paper indicated for nitrotoluene. SXFA was also shown to give
sought to use the FPOL in the film to promote the sorption low ppm detection limits for many volatile industrial solvent
of organophosphorus vapors and hence influence the sensivapors. In subsequent work, these authors reported an
tivity. The phthalocyanines were tetrakis(cumylphenoxy)- extrapolated limit of detection of 2 ppb for 2,6-DNT using
phthalocyanines (PCCP) with various metal ions; Ni PCCP SXFA.* In actual chemical agent tests, limits of detection
provided the most sensitive sensors in response to DMMP.of 0.047 mg/rd for GD using SXFA and 0.4 mg/ffor GB

The films were applied by the LangmuiBlodgett (LB) using HC were reported.
technique, resulting in contiguous nanometer-scale disc- Although hydrogen-bond acidic polymers are useful for
shaped crystallites of the semiconducting phthalocyanine in nitroaromatic compound detection on this platform, this class
a matrix of FPOL%* Thus, this sensor represents dispersed of polymers is not the only choice that provides high
conducting particles as a first component in sorbent insulating sensitivity to nitroaromatics, at least as far as chemicapaci-
polymer matrix as a second component. Indeed, it was foundtive sensing is concerned. Polymers such as OV-225 and
that response sensitivity was strongly correlated with the OV-275 have been shown to provide sensitive sen®ors.
sorption of organic vapors in the FPOL matrix material. OV-275 is a polysiloxane that contains dipolar nitrile groups,
Figure 7 shows the log of the relative sensitivity of the Ni while OV-225 contains nitrile groups and phenyl substituents.
PCCP/FPOL chemiresistor for a range of vapors against aThese dipolar and polarizable groups apparently promote
measure of the sorption of those vapors by FPOL as sensitivity through dipoledipole and dipole-induced dipole
determined on a SAW deviceaking the data from a table as well as dispersive interactions.
in ref 41. While all the analyte-specific factors that may = Chemicapacitors have also been reported by Snow and
influence the response of a compositeIRICCP-containing  Houser that are based on semiconducting single-walled



742 Chemical Reviews, 2008, Vol. 108, No. 2 Grate

carbon nanotubes prepared as an electrically continuousvapor diluted to 108200 ppb (0.5-1 mg/n¥) concentrations.
network acting as one plate of the capacitor. The other Extrapolated detection limits were not reported. The response
electrode was a heavily doped silicon substrate, and the twobehavior was interpreted in terms of a competition between
were separated by a thermal oxide la¥@iringing electric Nile Red and DMMP for hydrogen-bonding sites on the
fields radiate outward from the ca. 1 nm diameter nanotubespolymer. The interaction of the Nile Red by hydrogen
when a bias is applied. The fields are strongest at the bonding with hydroxyl groups in BSP3 greatly reduced the
nanotube surfaces where adsorbates can be detected asdye fluorescence. Displacement of basic dye functional
change in the capacitance. The hydrogen-bond acidic poly-groups by DMMP, a stronger hydrogen-bond base, freed the
mer HC was applied to the sensor in a ca. 100 nm thick dye from the quenching hydrogen bond and the fluorescence
layer to promote responses to organophosphorus compounddight output increased, providing the analytical signal. In a
Compared to an uncoated sensor, the polymer-coated sensmubsequent study, Nile Red and a second dye were incor-
gave responses to DMMP that were 500 times greater. Theporated into BSP3 to set up a fluorescence signal enhance-
detection limit was estimated to be 0.5 ppb (0.0025 niy/m ment systeni!
with a response time of 370 s to reach 90% of response. A The phenyleneethynylene polymer shown in Scheme 5
monolayer with a pendant hexafluoroisopropanol functional- is a fluorescent polymer with hydrogen-bond acidic groups
ity was fabricated on nanotube surfaces to provide a thinnerpendant to the conjugated polymer ch&iThese polymers
chemoselective coating; while the responses were faster, itwith and without hexafluoroisopropanol substituents were
was 100 times less sensitive. coated on the inside of a glass capillary, and their fluores-
These authors previously described chemiresistors andcence was monitored in response to vapors. Response
transistors using carbon nanotube networks for chemical consists of a fluorescence quenching effect. For the nitroaro-
vapor sensing® While HC was mentioned in this work, it~ matic compound 2,4-DNT, similar responses were observed
was used as a component of an upstream filter to removeregardless of whether pendant hexafluoroalcohol groups were
response to DMMP rather than as a chemoselective sensopresent or not. The strong electrostatic interaction between

layer. the nitroaromatic compound and the phenyteathynylene
polymer apparently overwhelms any influence the hydrogen-
9. Optical and Luminescent Sensors bond acidic groups may have. On the other hand, pyridine

) _induced strong poorly reversible decreases in fluorescence
POlymer$ are Important components to many optical only in the polymers that contained the fluoroalcohol
sensors, either as a sorbent layer or as a matrix for othersypstituents. The authors suggested that the electron-deficient,
functional components. Polymers related to BSP3 were strongly hydrogen-bonded pyridinium species in the film
coated onto optical fibers for potential sensing applicatfdns. could undergo photoinduced charge-transfer reactions, a
A polymer formulation including cross-linker and hydro- mechanism supported by additional experiments on more

silylation catalyst was delivered to a cladding cup. A glass glectron-rich substituted pyridines that did not lead to a large
fiber freshly pulled from the melt passed through the cladding flyorescence response.

cup, a furnace, and finally was collected onto a roller. The
polymer formulation coated onto the fiber was cured in the ; ;
furnace. The best sections of coated fiber had:(2bthick 10. Separations and Preconcentration
polymer coatings on 18@m diameter cores and guided light As noted above, hydrogen-bond acidic polymers developed
as well as similar fibers coated with PDMS, a standard for chemical vapor sensors have been used as gas chromato-
cladding material. graphic stationary phases in the investigation of the polymer
A number of polymers, including FPOL, were examined solubility properties and development of LSERs. However,
as sorbent matrixes for Reichardt’s betaine, a solvatochromicin the case of PSF6 (Scheme 9), the phase was developed
dye whose absorbance peak shifts significantly in responseprimarily for gas chromatograpt¥ These authors noted the
to polarity changes in the local solvent environm@&rithe lack of hydrogen-bond acidic polymers for chromatographic
spectra due to inclusion in the polymer environment were purposes and set out to prepare a stationary phase with the
examined as well as spectral shifts arising from the sorption desired solubility properties and high thermal stability. The
of vapor in the polymers. FPOL was a rather unique polymer material was routinely used at temperatures from 50 to 200
among those tested because of its strong interaction with the°’C. It was an efficient material providing 1562800
dye, and as a result, the responses of the dye in FPOL wereheoretical plates per meter of packed column, which was
also distinctive. FPOL has also been investigated as a matrixnoted to be similar to other conventional poly(siloxane)
for chemiluminescent reagents (luminol, KOH, and ferric ion stationary phases on the same support material. The desired
catalyst) used in developing sensors for detection of oxygen hydrogen-bond acidity was achieved, and although hydrogen-
or nitrogen dioxide® bond acidity decreases with increasing temperature, the phase
Use of hydrogen-bond acidic polymers as components of still retained significant and useful hydrogen-bond acidity
fluorescence sensors appears to be particularly promising.at 200°C. It had essentially no hydrogen-bond basicity, as
Nile Red, another solvatochromic dye well known for use is also desirable.
in chemical vapor sensot&, 13was incorporated into films The polymer BSP3, originally prepared as a sensing
of BSP3 and PSmFA Additional experiments were carried polymer, has been used as the sorbent phase in solid-phase
out using poly(methyl methacrylate) (PMMA) as a control microextraction (SPME) studies for chemical agent analy-
non-hydrogen-bond acidic matrix polymer. Several fluores- sis& This technique involves a polymer-coated fiber that is
cent dyes in each of these polymers were evaluated forequilibrated with a sample to extract the analyte or analytes
responses to DMMP vapor. Of all the combinations, Nile of interest. It is then retracted into a syringe needle and
Red in BSP3 gave the strongest responses with a large bluénserted into a gas chromatographic injection port, where the
shift and strong fluorescence enhancement. Large (relativefiber is pushed out of the needle and analytes are released
to the noise) fluorescence signals were observed at DMMP into the instrument by thermal desorption. The vast majority
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of the initial SPME studies used PDMS as the polymer. development of polymer-coated acoustic wave sensors,
Packed column chromatographic studies demonstrated thahydrogen-bond acidic polymers, and LSERs, including Hank
BSP3 polymer had much greater affinity for GB than PDMS. Wohltjen, Arthur Snow, Michael Abraham, and Steven
To demonstrate SPME with this polymer, BSP3-coated fibers Kaganove. The author thanks Arthur Snow for additional
were used to sample GB in the headspace above a hexandiscussions on polymer structures during the preparation of
solution and then desorbed into the gas chromatograph athis manuscript. Michael Rapp is acknowledged for providing
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