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Abstract

Titanium dioxide is known to photodegrade organic contaminants in water and air with very low preference that often relies on the native
ability of the contaminants to physisorb on the photocatalyst's surface. An approach for obtaining preferential photodegradation of diisopropyl
methylphosphonate (DIMP), a chemical warfare agent simulant, is presented hereby. This approach is based on the construction of molecular
recognition sites anchored on inert domains in the vicinity of photoactive sites. These sites are designed to chemisorb the target molecules
and to “shuttle” them to the photocatalytic sites, where they are degraded. An increase in the photodegradation of DIMP by a factor greater
than 4 is reported hereby, usingTuattached to a monolayer of 1,1-mercaptoundecanate (MUA) on gold, as the molecular recognition site.
These sites retain their benevolent effect following washing with water, and, to a large extent, also under conditions where part of the organic
functional groups of the MUA are destroyed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction between the type of target molecul@4]. This lack of sen-
sitivity to the type of contaminants seems to be benevolent
Decomposition of nerve agents is an issue of great inter- at first glance. However, it also implies that the photo-
est, whether it is for neutralization of old chemical warfare catalyst does not differentiate between highly hazardous
materials, or chemical treatment of polluted areas. Among contaminants and organic contaminants of low toxicity.
the various nerve agents is Sarin (isopropyl methylfluo- This shortcoming is farther aggravated by the fact that
rophosphonate), which is often simulated by diisopropyl while many low-toxicity contaminants can be degraded by
methylphosphonate (DIMHF],2]. There are several methods biological means, many of the highly hazardous materials are
proposed for the decomposition of Sarin, such as biodegra-non-biodegradable. Thus expensive photons might be con-
dation [3], combustion[4], pyrolysis [5], catalysis[6,7] sumed for the degradation of less hazardous contaminants,
and photocatalysif8—10]. Photocatalysis seems to have a including non-toxic by-products or intermediates.
number of advantages over the other techniques, because Some selectivity in photocatalytic processes can be
of its low working temperature, low cost of photocatalyst achieved by manipulating the adsorption of the contaminants
(TiO2) and possible usage of solar energy. That way, one mayon the photocatalyst surface, for example by controlling the
think, for example, of painted houses or take-off runways surface’s electric chargd2,13], by modifying the surface
that can handle low levels of highly toxic gases. of TiO, particles with specific chelating agerjfist], or by
For most cases, photocatalysis is based on the strongmprinting the target molecule into the Ti@article[15,16]
oxidation potential of OH radicals, which hardly differentiate Adsorption of contaminants in the vicinity of photocat-
alytic sites may increase photoefficiency. Here, the basic
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Fig. 1. The “Adsorb & Shuttle” concept.

interface between the adsorptive sites and the photocatalytidayers of nano-crystalline Ti© The TiG film was prepared
sites[17]. Although the adsorptive approach presented above by spin-coat application of an organotitante precursor made
helps in promoting the photodegradation of contaminants by chelating titanium tetraisopropoxide with acetylacetone,
that normally do not adsorb on the photocatalyst surface, it as was used before in the preparation of self-cleaning glass
cannot provide a comprehensive solution to the selectivity [23]. Thin films of gold were then deposited by evaporation,
problem, since the adsorption selectivity of the inert domains and patterned by a “lift-off” process into equalub width,
is very poor and cannot be controlled. parallel stripesKig. 2) [19]. Once prepared, the substrates
A different, novel approach for obtaining high selectivity were coated by a monolayer of MUACu by a procedure
was proposed by our group recently, for the degradation consisting of cleaning in a commercial UV-Ozone cleaner
of 2-methylnaphthoquinong18,19] The core of this (UVO 42-220, Jelight Ltd.) for 10 min, immersionina 1 mM
Adsorb & Shuttle (A&S) approach is the construction of MUA/EtOH solution for 10 h, rinsing by EtOH and water and
robust, immobilized organic molecular recognition sites
(MRS) on inert domains, located on, or in the vicinity of,

the photocatalyst. These molecular recognition sites are TiO 3 Precursor
supposed to physisorb selectively the target molecules.

Then, the adsorbed molecules surface-diffuse from site to Calcination
site towards the interface between the inert domains and the(s; rhum(]ll Coatlng —_—

photocatalytic domains, where they are destroyed. (2).

Recently, it was reported that DIMP adsorbs reversibly on
a self-assembled monolayer of 1,1-mercaptoundecanoic acid TiO 7 (anatase)
(MUA), whose proton was substituted by €uMUACu)
[20,21] To some extent, this report is related to early works, Photoresist__
which showed that Cii easily forms complexes with flu- ma"ng through

orophosphatef22]. Here, we present a first report on the mask
preferential photodegradation of DIMP by means of “Adsorb

& Shuttle”, using MUACu as a molecular recognition site.

Enhancement of the photocatalytic degradation of DIMP by Photoresist
afactor, as large as 6, is reported hereby. Since the affinity be- stripping
tween MUACu and DIMP relies on the phosphonate group, deposmon

Photoresist

UV exposure

which is common to DIMP and Sarin, it is expected that this
system will be suitable also for Sarin.

Monolmer
adsorption

2. Experimental

The model system in this study consisted of 1in. silicon
wafers substrates, coated with thin (100 nm), well-adhered Fig. 2. The preparation of the samples.
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immersing in a 2mM Cu(Clg)2-6H,O/EtOH solution for I
10 min. Acetone
All patterned structures were characterized routinely dur- — '
ing the preparation process by optical microscopy (Olympus
BX60), to assure the good quality of the pattern-transfer
process. The width of the titanium dioxide domains and 077 €O, ©
that of the silicon domains were measured at the end of the i = N
process by a Vickers Instrument M41 measuring system. 007
The depth of the stripes was measured by profilometry
(alpha-step 500, Tencor Inc.) at the end of the process,
to measure the corrugation of each of the domain types.
Samples covered with self-assembled monolayers were
characterized by Fourier transformed infra-red spectroscopy 037
(Bruker IFS55, measured with 4 crh resolution), in the 02
reflection mode, as well as by Auger spectroscopy (Thermo - (b)
VG Scientific Microlab 350 Scanning Auger Microscope) 0.1 DIMP
and XPS (Thermo VG Scientific Sigma Probe). b, (@) DIMP ,, Al ek . A
Photodegradation measurements were done in a closed 0= T T . T T T T
Cy"nder Vessel made Of glaSS (40 ml), Containing two 15|n 3900 3500 3100 2700 2300 1900 1500 1100 700
KBr windows. In each measurement three patterned 1in. SERTER e R0=")
wafers were used, either with or WIthQL_It MUA_CU coating. Fig. 4. The evolution of an FT-IR spectrum upon photodegradation of DIMP
Once closed, 0.001 ml of DIMP was injected into the cell 4, Tio,MUACU: (a) before UV exposure, (b)(e) following UV exposure
through a septum. Evaporation and adsorption kinetics werefor 3, 19, 39, 60 h, respectively.
then constantly monitored until steady state was reached.
Then, the cell was illuminated by a low intensity (365 nm, that creates a negative ion where the electron binding is
0.2 mWicn? at the film surface) UV light, and its IR spectra  weaker.
was taken periodically. Since DIMP is volatile, it is quite difficult to get direct
evidence for enhanced adsorption of DIMP on the MUACu
surface. Indirect evidence can be obtained by following the
3. Results and discussion changes in the IR absorption of gas phase DIMP in the dark,
right after introducing it into the reactor vessel. Indeed, such
Fig. 3presents the XPS spectra of the MRS samples prior monitoring revealed faster adsorption kinetics (app. 1.5-2
to and following immersion in the Cu(ClQ»-6H,O/EtOH times faster) with MUACu-containing samples, relative to
solution. The replacement of MUA protons with the cop- patterned samples without MUACu. This difference is quite
per ions can be inferred from three major changes in the remarkable, taken that the area of the walls of the reactor was
spectrum: the appearance ofCpeak at a binding energy  larger by more than one order of magnitude than the area
of 933.7eV (A), the shift in the carbon 1S satellite typical covered with MUACuU.
for CO at a binding energy of 288.3eV (C) and the shift Fig. 4 presents the evolution of the spectra during a
of the oxygen 1S peak towards lower binding energies (B). typical photocatalytic experiment, taken with MRS-coated
This shift is the outcome of the deprotonation of the COOH patterned substrates. Typical DIMP peaks are observed at
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Fig. 3. XPS spectra of a MUA monolayer on a gold surface, prior to (solid line) and following (dashed line) immersion in thesBu§EKD/EtOH solution.
(A) Copper 2p peak, (B) oxygen 1s peak, (C) carbon 1s peak.
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Fig. 5. The photodegradation scheme of DIMP.

917, 990, 1108, 1263 and 2982t The evolution of the
spectrum upon photodegradation is clearly demonstrated in
traces b, ¢, d and e. These changes correlate well with the
degradation of DIMP, the formation of acetongd@O) at
1735cnTl, §(CH) at 1367 cmt,vy(CC) at 1212 cmt) as an Fig. 6. The kinetics of acetone production during photodegradation of
intermediate product, and the formation of £Q348 cnt1) DIMP: () TiO2/Au stripes (5.m in width) without MRS; @) TiO2/Au
and water as the final products. Some CO (2178, 211dym  stripes (5um in width) with MRS.
was noticed after 30h of illumination, probably due to
some lack of oxygen in the closed vessel. In addition, amount of DIMP as measured by FT-IR, to compensate for
another peak at 912.2 cth, which could be assigned to  small (less than 10%) deviation in the initial concentration
propanol, was observed. The evolution of the spectra duringof DIMP. As depicted in the figure, at short exposure times,
experiments with patterned substrates that had not beerthe rate of production of acetone in the presence of MUACu
previously coated with MUACu revealed similar behavior domains is by a factor of 3 higher than that observed with
qualitatively, except for the 912.2cmh peak that was  samples containing the same photocatalytic surface area but
missing. Control experiments, done in the absence op TIO without MUACuU. Similarly, examination of the production
substrates showed no evolution of the DIMP spectrum upon of CO, in these two systems revealed a faster increase in the
illumination, indicating that the degradation of DIMP was mineralization rate for the MUACu-containing system, albeit
due to photocatalysis and not due to direct photochemistry. by a factor of less than 3.
It is known that C&* and some of its chelates may act as In order to find out whether the described-above enhance-
hydrolyzing catalysts for phosphonaf@g]. It is noteworthy ment in the amount of the intermediate product acetone by
therefore, that exposure of DIMP to these two systems in the MRS-containing system was due to enhanced DIMP
the dark did not yield any significant amounts of acetone or degradation by the MUACu or due to slower photodegra-
CO,, thus negating the possibility of such an effect. dation of acetone, the photodegradation of acetone was
Based on the evolution of the spectrait can be deduced thatmeasured with various substrates. These substrates included
the photocatlytic degradation of DIMP proceeds as describesstructures made of stripes of Ti@ pwm in width) and gold
in Fig. 5, i.e. through the degradation of DIMP to the inter- (5 wm in width), structures made of stripes of Hi(d wm in
mediate product acetone, later to be decomposed oD@ width) and gold (5wm in width) coated with MUACu and
water. This process occurs simultaneously with desorption of thin films of titanium dioxide without any metal stripes. Care
DIMP from the reactor’s walls, which partially compensates was taken to have the same active area in all three systems.
for the loss of DIMP from the gas phase. Plotting the integrated absorbance (which is proportional to
The effect of the MUACu MRS on the photodegradation concentration) of the acetone peaks versus time yielded an
of DIMP is demonstrated iRig. 6, which shows the kinetics  exponential decaying curv&{ > 0.99), suggesting apparent
of formation of acetone for both types of substrates, based onfirst-order kineticsTable 1summarizes the degradation rate
the area of the acetone-relatd@O) peak at 1735 crit. The constants with these systems. For comparison, a first-order
values in the figure were normalized according to the initial reaction rate constant, deduced from the acetone degradation

25

Time of UV exposure (hr)

Table 1

The kinetic rate constants of the degradation of acetone with various substrates

Type of reactant Type of substrate Initial integrated absorbance The kinetic rate constants of
of acetone (1735 crit) the acetone degradation ()

Acetone TiQ 26.4 0.012+0.001

Acetone TiQ/Au 35.8 0.013:0.001

Acetone TiQ/Au + MUA/Cu?* 48.0 0.012+0.001

Acetone, during photodegradation TiO2/Au + MUA/Cu2* 18.4 0.014+0.001

measurements of DIMP
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kinetics measured during the photodegradation of DIMP the reactor’'s walls, hence gives an upper bound to the true
but at very long exposure times (i.e. once all DIMP was ki;. Doing so, assuming first-order kinetics gidasvalues

consumed) is also given. of 0.16 1 and 0.04 hl, reflecting an improvement of the
As reflected in the table, the rate constants of these reaction rate constant by a factor of 4, due to the presence of
three systems were found to be identical (0.812001 1), the molecular recognition sites.

demonstrating that the presence of MUACu or gold do not  Based on the above-mentioned assumptions(Bgan
have any effect (neither positive nor negative) on the pho- be solved analytically:
todegradation rate of acetone. Moreover, the kinetic rate con-
. [DIMP] gk1

stant of the photodegradation of acetone that was producedacetonel= —————~
from DIMP was similar (0.014%). ks — k1

In order to quantify the benevolent effect of the “Adsorb By differentiating this expression, the time where the con-
& Shuttle” approach it is essential to calculate the extent by centration of acetone is maximal can be calculated as:
which the photodegradation rate of DIMP is improved by this In[ks/ k1]
approach. Taken that the contaminant is adsorbed reversiblytmay = ————
on the reactor’s walls, whose exposed area is approximately ks — k1
25 times larger than that of the photocatalytic area, it is sen- Substituting(6) into (5) gives the maximal acetone concen-
sible to assume that a calculation based solely on changes inration:

[e—klt _ e—kgt] (5)

(6)

the IR signal of one of the DIMP peaks in the gas phase might ks —ka/(kz—k1)
be inaccurate. [acetone}ax = [DIMP] o {] )
The complex degradation reaction depictedrig. 5can k
be described by two equations: From which it is possible to relate the amount of acetone at
d[DIMP] A each time, relative to its maximal amount, with the value of
a0 = Vk—Z[DIMP]ADS — k2[DIMP] — k1[DIMP] Kq:
() [acetone] _ ki m O i _ gk (g
d[acetone] [acetonelax k3 — k1 | k1
T a k1[DIMP] — ks[acetone] @ This expression provides a way to calculltdérom the vari-
d[DIMP] v ations in_the IR peaks of acetone as a function Qf_time. T_aking
L TTIADS —ko[DIMP] — k_2[DIMP] aps (3) the previously calculated value kf (0.012 1), it is possi-
dr A ble to fit the kinetics of acetone formation and disappearance
[acetonelg = 0, [DIMP],—o = [DIMP] o 4) using a single adjustable parameta)(Such afitting is pre-

sented inFig. 7. According to the fittingk; was found to be
HereV andA are the volume and the area of the reactor, re- 0.1 hrLfor the MRS structure, and 0.0 hfor the non-MRS

spectively, [DIMPhps is the surface concentration of DIMP g4y,ctyre, reflecting an increase by a factor of 10 in the value
on the reactor’s walls; andks are volume-based reaction of ky.
rate constants, hence reflect both reaction and mass transport, Hence, it can be concluded that the valuekpfvas im-
and accordingly should be considered as reactor dependent,,yed, under the above-mentioned experimental conditions,
In that manner, any surface diffusion effect in the “Adsorb &
Shuttle” is lumped intd;.

Adsorption measurements of DIMP in the absence of
light revealed that under the conditions used in the above- 1
mentioned photodegradation experiments, the number of

molecules adsorbed on the various surfaces of the reactor x os-
is approximately 12 times larger than what was left in the gE
gas phase. Taken that in our experiments the photodegra- % 0.6
dation began only after the process of adsorption reached <
its steady state, and that, by virtue of the low photon flux & o4
that was used, the photodegradation time scales were Iarger§

than the adsorption time scale, it is reasonable to assume a * 0.2
pseudo-steady-state with respect to [DIMEY. Under this
assumption, it is possible to calculate the ratio betwaen 0
a system containing the MRS akg in the control system.

This ratio can be calculated either based on the IR kinetics

of any of the DIMP peaks, or based on Fhe rnse an_d fall of the Fig. 7. The kinetics of acetone production during photodegradation of DIMP
acetone peaks. Calculatitig on the basis of the disappear-  andtheirfitaccording to E¢8): (1) TiO2/Au stripes (5am in width) without
ance of the DIMP signals disregards the contribution from MRS; (@) TiO2/Au stripes (5um in width) with MRS.

T T T T

0 20 40 60 80 100
Time of UV exposure (hr)
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approximately by a factor of 4—-10. The difference in the two 1000
enhancement values calculated by the two methods can be
attributed to some deviation from the pseudo-steady-state
condition assumed for the adsorbed DIMP, as well as from 600
possible contribution by direct mineralization.

Since the molecular recognition sites are organic, care
should be taken to prevent their destruction by the oxidizing 200
species formed on the titanium dioxide surface. Obviously,
this means that the MRS should not be constructed directly
on the photocatalytic titanium dioxide surface, as indeed is 3
the case here. Moreover, it is needed to assure that MRS lo- 4000
cated on inert sites, adjacent to photocatalytic domains, are 3000 3
not prone to an attack by oxidizing species, diffusing from ]
the photocatalyst domains to the inert domains, as may hap-
pen when the inert domains are made of silicon diokidé.

In this context, it is noteworthy that a previous work showed
that-self assembled monolayers chemisorbed on metallic do- ]
mains in the vicinity of titanium dioxide are stable towards — ]% I
remote degradatiofi9,25] More study is underway. ] :

Auger spectra of a MUACu-containing gold stripes, prior _— LA | ;g{ gl ‘ r
to, and following, 60 h of illumination revealed a noticeable ] ‘ | &
decrease in the carbon signal relative to that of the sulfur, 500 3 ﬂ?}‘ﬁ
indicating that at least part of the hydrocarbon backbone of 1 ‘
the MRS was degraded upon illumination. This photoinduced 0] , : . ,
degradation of the MRS may explain why propanol was ob- 980 970 960 950 940 930 920
served in the gas phase spectra of DIMP that was photode- Binding Energy (eV)
graded using TiQMUACu substrates, but not in the spectra
of DIMP that was photodegraded using pi€ubstrates. The
source of this degradation of the MRS, that had not been o
served before with MRS made of thiolat@dcyclodextrin
nor with thiolated alkyl chains is probably connected with
the larger UV dosage used in the MUACu experiments, in acetone concentration at a given time and its maximal value,
comparison with the thiolate-cyclodextrin experiments.  for a system that contained MUACu inert domains (A) and
The possibility that this effect is connected to the presence of for a system that did not contain such structures (B). As
Cu?* was negated, since repeating these experiments with ademonstrated in the figure, the maximal values of acetone
monolayer of MUA whose proton had not been replaced with were obtained after 45 and 70 h of illumination for the first
copper also revealed some degradation of the carbon chairand the second run, respectively. This increase in the time
attached to the inert gold. reflects some deterioration in the benevolent effect of the pat-

That the MRS is being changed upon UV illumination terned structure. Yet, even at this situation, its performance
can be observed also by analyzing the XPS peaks of coppemwas by far better than the performance of a non-patterned
(Fig. 8), at a binding energy of 935 eV. Here, a doublet that substrate, where the time required to get maximal acetone
could be assigned to a mixture of oxidating states existing concentration under the same conditions was approximately
prior to illumination was shifted following 60 h of UV illu-  130h Fig. 9B)). As mentioned beforeHg. 8), the copper
mination into lower binding energy (932 eV). Based on the seems to remain on the surface in an oxidized form, even
binding energy, it is impossible to clarify, whether the post- when part of the alkyl chain of the MRS is consumed. XPS
illumination peak reflects Glor Cul*. However, by plotting measurements performed on the patterned structures prior
the Wagner Plot it could be deduced that it is most likely that to and following exposure to UV revealed a slight shift
the reduced copper specie was'€and not C8. In princi- in the sulfur 2B binding energy from 163 to 162.7 eV.
ple, the reduction of the copper ion following illumination According to the literaturd26], these binding energies
could be deleterious for its mass transport effect on DIMP. correspond to that of reduced sulfur; the binding energy of
Fortunately, the copper tends to re-oxidize itselfin air t§Cu  sulfides being slightly lower than that of mercaptans. Hence,
(Fig. 8, trace C), such that it should be able to recover itself one may propose that in cases where the alkyl chain was
in humid air. consumed, the positive copper ion can still be attached to

In order to study the feasibility of this concept in real the surface, through an interaction with chemisorbed sulfur,
systems, two successive experiments were performed, andhus retaining its effectiveness for the photodegradation of
their results were compardeig. 9presents the ratio between DIMP.

800

400

5000 — (B)

2000

Counts

1000 3

Fig. 8. The XPS spectra of the copper ion on a MUACu patterned structure:
b (A) before UV exposure, (B) after 60 h of UV exposure, (C) after 60 h of
“UV exposure, followed by exposure to air for several hours.
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Fig. 9. The ratio between acetone concentration at a given time and its maximum value during DIMP photodegradation pinggt) TiG:/Au+MUACU;
(@) reused TiQ/Au+MUACU; (B) (A) fresh TiQy; (@) reused TiQ.

The possible effect of washing with water on the per- adherence can be obtained through a carboxylate group or
formance of MUACu-loaded structures is very important even a sulfide as discussed above.
for the developing of outdoor photocatalytic paint. The
subject was studied by washing thoroughly the samples 4 conclusion
with water prior to performing the photocatalytic tests and
comparing the degradation kinetics. No adverse effect of A new system, demonstrating the “Adsorb & Shuttle”
washing was recorded with the patterned MUACu samples, approach, was presented in this manuscript. This system
regardless whether the measurements were performed withutilizes the affinity between 1,1-mercaptoundecanoic acid
“as produced” samples, or with samples that had been testedMUA) whose proton was substituted by €uand diiso-
for the second time. The absence of any washing effect in propyl methylphosphonate (DIMP), a chemical warfare
the second run seems to support our claim that the copperagent simulant. An improvement by a factor of app. 6 was
remained attached to the surface. In accordance, analyzingbtained, for a structure, made of alternating stripes of
the surface following the thorough washing revealed only a titanium dioxide and molecular recognition sites on gold,
minute effect on the surface concentration of copper. both having um in width. It is sensible to believe that
Since the benevolent effect of MUACu stems from the much greater improvement is possible in powders, where
specific interaction between the copper ions and the DIMP the average diffusion length is much smaller than the.in3
molecules, it was decided to evaluate the feasibility of using that is in the present experiments.
copper ions deposited directly on the titanium dioxide sur-  The fact that the benevolent effect of the MUACuU was no-
face. For that, non-patterned Tidilms were immersed in  ticed with DIMP, but not with acetone, evidently shows that
a Cu(ClQy)2-H2O/EtOH solution for 10 min. Photocatalytic  the “Adsorb & Shuttle” approach may serve not only to in-
measurements revealed an enhancement in the productiormrease degradation rates but also to induce photodegradation
of acetone that was comparable with that of the patternedin a preferential manner. Such preferential activity is of great
wafers. AES measurements done post experiment on the nonimportance in particular in systems where the intermediate
patterned wafers that had been previously immersed in theproducts are far less hazardous than the initial reactants, as
copper solution revealed high concentration of phosphorousindeed happens in this system, and may also happen in the
on the titanium dioxide surface, and absence of copper, in photodegradation of many chemical warfare agents.
contrast to the case of MUACu where the copper could be  The results presented in this work point also to the need
noticed on the inert domains at the end of the process. Thisfor better protection of the molecular recognition sites from
absence of copper on the surface of the non-patterned samphotodegradation. Alternatively, they also suggest a way to
ples can be explained by the formation of a relatively thick detour this problem, based on the adherence between the cop-
layer of the phosphorous residue. perions and the residues of the MUA photodegradation, most
The same washing effect experiments done with the likely the sulfides. A continuation of this research along these
patterned samples were performed also with the copper-lines is underway.
immersed samples. Here, washing reduced significantly
the enhancement (almost doubled the rise time of acetoneacknowledgements
production). In parallel, XPS measurements indicated the
removal of approximately 75% of the copper ions from This work was funded by the Israel Science Foundation
the surface upon washing with water, pointing out the under contract number 53/02. The assistance of Dr. Reuven
need for well-adhered copper ions in order to promote the Brenner in performing the AES and XPS measurements is
photodegradation of phospho-organic compounds. Suchalso acknowledged.
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