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ABSTRACT
FERRARONE. JOHN R_ Spectroscopic Analysis of Oxygen Sensing Aerogels.
Dt of Chemrinixy, Jane 2007

A axwapel s highly povews solid that is comprised of 90-99% air. Aerogels can be
dingoil wiith puslee mlecules thet act as sensors of certain gases. The porous matrix of
axsegels mulizs dben: sitable piatforms for studying the sensing capabilities of different
euibe mesliceniivs. b this sidy, we created oxygen sensing, silica-based aerogels, using
sl esbenilicate (TMOS) for the matrix precursor and platinum
nnaipeaaiisssaylesy Hyporpline (FCTFPP) as the probe. We then used fluorescence
spmswnpy o csnase the PITFPP-doped aerogels in different environments. The
seuing il «f IXTFFP was then compared to platinum (IT) octaethylporphine (PtOEP),
anmibex enygen soasing pobe. I 100 percent nitrogen, we found that the PtTFPP-doped
gl punduond 2 peak 28 650 mr, whereas PtOEP produced a peak at 646 nm. A time-
ol srm. i wikixd the propostions of air and nitrogen i the aerogel’s environment
wen waind. alne sevealiod that the interaction between oxygen and PtTFPP was

meesibiie. The nw=-xonce fifetimes of PUTFPP and PtOEP were also compared.
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Entendustbon

Ho zevmgge]. i 2 highly porous material that is comprised of 90-99 % air by volume
{7 Nenswsiseedi povees give thie aeroge] many unique properties including an
copndimeiily lerge sufice area, and the lowest known density and thermal conductivity
@ff any esfiex suifdi [1,7]. These properties have resulted in the application of aerogels in
Betexivs, meuilsvion, axf mmclear waste storage [1].

T Brethiexies,. aevogels are used gather a large amount of ions in a small area [1). As
2wl 2 meae powerfisl battery can be condensed into a smaller package. The extremely
Towe el cumndisctivity of aerogels also makes these materials an excellent candidate
flewr iimemilstiws:. e smalll compartiments within the matrix restrict the flow of air through
e aeveged,. wiiih it g ouinimizes the conduction of heat [3]. This property has
oesadhed] iiv thhe incarperation of acrogels in clothing, electronics, and even space shuttles
[[5]). Wk et carw 2 e wsed to trap radioactive materials, making them useful for
sowiing maiear waste [1],

Aceriver agpiication of acrogels has been their use as platforms for oxygen-
sasing mstiecniies. During fibrication, the O,-sensing molecule, or “probe,” is either
covallendly aaactiod 1, or entrapped within, the aerogel matrix. Thus, the probe becomes
sevumtly aufioond ty serogel’s nanostructure. Since aerogels are highly porous, gases like
oy e diifivse ragidly through the matrix [4, 5]. Aerogels can be fabricated from
sillica peerarsers, snck 25 tetramethoxysilane (TMOS). Silica-based aerogels are
suffficieatly casslacent to allow for optical monitoring of the probe’s response to
cihangiing enwingamental conditions [1].




Typically, the response of these probes 0 an environneay i ess oo
luminescence. Luminescence results when the sheorption of a ylsson taises a0 ciocrmn
a higher orbital thereby promoting the molecular species o it excisel stete. Tipmiie
return of the molecule to its ground state, energy i cmitted in fhe form o et il lighs
The following equations represent these properties of lamincsoeace

M+ v — *M (Photon abawptien)

*M — M + kv (Luminescence)

where M is the reporter molecule, *M is the mokecule in the excisod sume. and in-
represents heat and light [6]. In some molecules, lnminescence & docrewed. or
“quenched” in the presence of oxygen. Specifically. the oxvgen Tedwrs fhe s of
molewlnrq:eciesinﬂneaniﬁdm.'!h'sgivzsthtu_-

M+Q—M~-Q
wbﬂeQrepmsmﬂlequmchﬁ,-ﬂusoxypBynignhn‘-m:m
ﬂ:ehlmineseemeofaplohe—dopdunﬁmhm.ﬁ]hﬂ"gm&
mskhﬁyofﬁem&emofﬂtﬂngimmmniiam“
acompletebssoflnminmillﬂniy(lip-lmthhm'—ﬂ:m.!k
respomeofmoxygm—unﬁwpobemv-yhgmﬁwuk
desaibedbydneStun—Vohu-(SV)e@nimﬁnn'gkmh:hiu:igb
microenviroment (the matrix of the aerogel). The exuation & written s llows:

LI=1+Ksv[0:] (D)
whazhisﬂniﬁmsityofﬂlesigmlinﬂndnceofhgﬂh_]tk“hb
prmeofﬂnqumchu,stisﬂ:SVm,dIOQiihmnﬁh




quencher, oxygen [7]. Through the SV equation, it becomes possidle to quantify the
sensitivity of a probe to the presence of oxygen.

Ideally, the response of a probe to oxygen concentration is linear, as described by
equation (1). In reality, many oxygen sensors do not exhibit a linear response to quencher
concentration. This can be due to static quenching, where the quencher ...ceracts with
ground state molecules, thereby prohibiting the probe from reaching an excited state [1 I
Fr; thermore, short lifetimes and probes entrapped in different microenvironments within
the matrix will also cause the response to be non-linear [1]. To account for multiple
microenvironments, a two-site SV equation is used to quantify sensitivity in probes that
experience two or more microenvironments, The two-site SV model is written as follows:

I/ = VI(E(1 + Kevr)) + (1 - /(1 + KsviO)] (2
where f is the fraction of the probe in one microenvironment, and Ksvi and Kgv; are the
SV constants of their respective microenvironments [7a].

Oxygen-sensing probes have become increasingly important in blood gas

analysis, pressure-sensitive paints, combustion, environmental monitoring, and in a

variety of other fields [2, 6]. As a result, much of the work with reporter molecules has

been focused on the development of new O, probes. Among the molecular probes that

have received the most attention are Ru(II) and Pt(I1)/Pd(II) porphyrin complexes [6].

Figure -1 (below) shows the structures of two of the platinum complexes.




Figore 1-1: The structures of platimm(IT) octaethyl porphyrin (PtOEP) (left) and
pestafiaorophenyl porphyrin platimm(IT) (MTFPP) (right) [6]. The +2 charges on each

strocture are not shown

In the quenching of these complexes, an O, molecule interacts with the metal center to
reduce the amount of molecular species that are promoted into the excited state, thereby
redocing lnminescence. PtOEP has been shown to be an especially sensitive reporter
molecule, as its emission intensity decreases substantially with increasing oxygen
comoentrations [8]. In contrast, Ru(IT) complexes have shown to be far less sensitive to
changing oxygen pressure [7]. Furthermore, in order to study these probes via
lnminescence spectroscopy, it is necessary to anchor these molecules io a scaffold, such
as the matrix of an acrogel.

An serogel matrix can be formed using a variety of precursors including carbon,
shmuisom, and silica based compounds [1]. These precursors form a solid sol-gel matrix
via a polymerization reaction. After gelation, the pores in the sol-gel matrix are filled

with a fiquid solvent mixture. To create an oxygen-sensing aerogel, a probe must be




incorporsted in the matrix, either through covalent bomis ar by simapiy ey de
molecules within the aerogel’s pores [4, 5]. By doping tie solvest wifh » mepomer
molecule, the probe becomes incorporated into the sol-gel matrix durimg fhe

polymerization reaction. In order to remove the solvent and crese an acsopel. dhe T

in the pores must be brought above its supercritical noint. At fhat poim: fhe s
tension of the solvent is eliminated, so the liquid can be removed witknu cnwing e
pores of the matrix to collapse. If the solvent were aliowed 1> exapoune on it ow. fe
sol-gel matrix would condense to form what is known 25 2 veroms]. A scheamic of we

sol-gel, aerogel, and xerogel matrices is shown in Figure 1-2.

Figure 1-2: A schematic of wet sol-gel, aerogel, and weroge] matioes 7).




There are several methods for supercritical solvent extraction in sol-gels. One
method involves exchanging the solvent in the pores for liquid CO- and drying the gel in
an autoclave. By applying an extremely high pressure ‘o the sol-gel’s environment, the
sapercritical point of the CO, solvent is reached. At this point, the solvent can be
extracted, leaving an intact aerogel matrix. However, there are several drawbacks to this
form of drying. First, the sol-gel must be prepared for the autoclave through a series of
time-consuming solvent exchanges. The purpose of the solvent exchange is to replace to
precursor solvent with one that has a lower supercritical point. The supercritical
temperature and pressure for methanol is 512.6 K and 79.8 atm whereas CO; has a
supercritical temperature and pressure of 304.3 K and 72.8 atm. However, the autoclave
st reach potentially dangerous pressure levels in order to reach to the supereritical
point of the solvent. In addition, repeated solvent exchanges can flush the probe from the
sol-gel if it isn’t covalently linked to the matrix [1].

Another technique, known as the Union College rapid supercritical extraction
(RSCE), involves preparing the reaction mixture in a one-piece mold [2]. A hydraulic hot
press is then used to apply temperature and pressure to this mold in order to achieve the
supercritical point of the solvent. Applying heat in the RSCE method also serves to speed
up the polymerization reaction [2]. Once the supercritical point is reached, the hot press

depressurizes slightly, allowing the supercritical fluid to escape the mold. A schematic of

the mold used in the RSCE method is shown in Figure 1-3.




Figure 1-3: A dingrun oF fie sl o i sereait xek w e RSCE method of
preparing sevoncs [2].

ke dews 1o works deprmiag e zie o e w77, Shweses; the RSCE method

In this stmdy, PITFPR- et PalER ah: wespeis s psiinceet naing BSCE and
amockeer methods. Lo spuctoscm v e cwek o meamwre and compore:
the sigauls of cach of these mevoac: Dver & T oewe casersions. The sgnais
produced by PITFPP- s PYIER dupe wrsomi v ailer congerst o those of tie
aesogels.
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Expevisssnttal
Prepancion of PYTFPP and PrOEP-daped Sol-Gels

The precersor recipe for the probe-doped sol-gels was as follows:

Pwcussor Volume (ml)
Tetrameityt orthosilicate (TMOS) 8.50
Probe-doped MeOH solution 275
Distiled water 3.60
1.5 M Ammonium hydroxide 0.135

Tabie: 2-1: The standard recipe used to produce probe-doped sol-gels.

Temamsleyl onthwsilicate (TMOS) was purchased from Sigma-Aldrich at 98% purity.
NOEP was parchnsed fiom Fromtier Scimtific and used without further purification. The
DOH was parchesed fiom Frontier Scientific at 99.9% purity.

Ve REOR-doped MeOH solution was made by dissolving 0.0200 g of PtOEP in
a ey of metionol. Afier mixing, 10 mL of this solution was pipetted into a 25U-mL
velmmsiic flack and thew filled to the mark with methanol. The final concentration of the
INOER. doped MOH solstion was 1.00x10°M.

The INTFPIYMeOR solution was also made by dissolving 0.0200 g of PtTFPP in
alinxof meshencl Next, 10 m. of this soltion was pipetted into a 250-wL volumetric
ik and filled w0 the mack with methanol. The final concentration of the PtTFPP-doped
MeOH solation was 6.85x167 M.

Each probe-doped stock solution was used to prepare a batch of aerogels (for a
el off twso bunches). The recipe in Table | was used to prepare the precursor mixture.
Befer: tihis mixtare was placed in the mold, it was sonicated for approximately 10 min. In

9




addition, this precursor mixture was used to produce xerogels. To muke dir wanpsls, 4
mL aliquots of the precursor mixture were pipetted o polystyreas cavestes, and e

cuvettes were capped. The sol-gel was allowed 1o dry under sibicsst conditms. cossing

the gels to shrink to about a third of their original height over a pariod of 1-2 weodks 2]

Rapid Supercritical Extraction

To obtain the aerogel from the sol-gel, the Union Colioge Rapal Supescrincal
Extraction (RSCE) drying technique was used. First, a stoc] manld with 2 clesod-betmoan
(designed by Smitesh Bakrania) was filled with the precumor ssxtwe Qaly the mmer
four cavities of the mold were used in an attempt 10 minimize fhe spocETTRPIC VERSan
among the gels due to local variations of temperature and pressure withan da bt pocss.
Essentially, the inner four cavities were the same distance fian the oostee and e olisrs
of the mold, and thus represented what we belicved were similar covisssaess To
maintain control over the volume of the nrecursor mixtare in fhe ranld, 2 50wl of e
mixture was carefully pipetted into each cavity. The design of fac mohll wvod can be soes

in Figure 2-1 below.

Tapered

(e
Stainless Steel
Block

Figure 2-1: A side view of the closed-bottom moid used in fhe RSCE drvimg socheigee

The mold consists of 16 wells arranged in a 4 well by 4 well fisdion 713




Next, one layer each of Kapton, graphite, and then aluminum foil was placed over the top
of the steel mold, in that order. The layers of graphite and Kapton act to seal the mold
while it is in the hot press. The aluminum foils prevents the graphite from adhering to the
hot press after drying has been completed. Figure 2-2 below illustrates the setup for the
mold and the gasket materials in the hot press.

Hydraulic
Press Plate

Sealing
Aluminum Foil

Graphite~’
Kapton

Steel Mold

Hydraulic
Press Plate

Figure 2-2: Schematic drawing of the setup for the steel mold and the gasket materials in
the hot press (not to scale) [1].

To produce aerogels in the hot press, the following program was used:

| Step 1 2 3 4 5 6
Temp (F) 90 550 550 550 550 90
Pressure (psi) 550 550 550 150 150 150
Time (min) 2 240 30 30 30 240

Table 2-2: The parameters used for the closed-bottom mold in the hot press.

11




At the cad of the pogram. the acsogels were removed from the mold and cut into smaller
picoes wsing a zxzor biade. The origimal monoliths were roughly 25 mm in diameter and
15 s thirk The sslier, sosolithic picces were then placed into 1.00-cm cuvettes for
Imminceceace mcavcments

Fabrication widk Osher Molds

In asder 1o optimize the falwication process, several different molds and hot press
Peogams weee wsod 8o podace acsogels. One of the molds used was designed by Aaron
Philligs and Duvid Korim wsisg SoladWorks computer software. This square, steel mold
s pictavod i Figeee 2-3 below.




Figure 2-3: The square, steel mold used in the RSCE drying technique.

Unlike Bakrania’s closed-bottom mold, the square mold has cavities that nm completely
through the mold. In addition, the square mold has smaller cavities, so the acrogel
monoliths did not need to be broken in order to fit into cuvettes.

To produce aerogels in this mold, a similar procedure to the one described above
was used. The only change was that the bottom of the mold had to be pre-scaled with the
gasket materials before the precursor mixture was pipetted into the cavities. The mold
was pro-sealed by placing a layer of aluminum foil on the bottom plate of the hot press.
This was followed by a layer of graphite and then Kapton. The moid was then placed on

top of the Kapton, followed by the three layers of gasket materials as depicted in Figare
13




2-2. Next, the steel mold was sealed at 700 psi for several minutes by closing the plates
ofthe hot press. Affer the seal was allowed to form, the upper layer of gasket materials
was removed, and the solution was transferred into the mold using a disposable glass
pipet. The upper Iayer of gasket materials was replaced, and the hot press was
programmed with the following set of parameters (Table 2-3).

E 1 2 3 4
[ Temp (°C) 27] 288 288 38
Presswe(psi) | 720 720 150 150
Time (min) 2] 210 30 180

Table 2-3: The parameters used in the hot press for the square mold.
The third mold used in this study was a round, steel mold. A diagram of this mold

<am be seen ia Figare 2-4. Each hole in the round mold is at a geometrically equivalent
position. Vs, ideally, the aerogels should be produced in equivalent environments.

14




Figure 2-4: A top view of the Tound. swell xaniil wsod i the RSCE drying technique.

The procedure for this mold was the same = fimn iy e spmave mokf except that 2

different set of hot press parameters wes ingilonwmi (T 2-5).

Step 1 2 3! £ 5 [
Temp. (°C) 30 S50 1) TR S ]
Pressure (psi 1300 1300 et S = 150
Time (min) 2 24D 3D 3 k3 20

Table 2-4: The parameters maod 1n e furn porss: o thee roumsd mold.

Lastly, the aerogels produced in the Touomd Twtd Gmd w e Prodirs i order fit mto the
1.00-cmn cuvettes. The origmal momolifts were ayRiTEeETy [F mn i dismeter and 20
mum thick.

15




In order to measure the steady-state luminescence of the probe-doped aerogels, a
Photon Technology International (PTI) fluorometer was used. This instrument included a

model 814 Photomultiplier Detection System, and LPS-220B Lamp Power Supply, and

an A-1010 Arc Lamp Housing. For most scans, 2-nm excitation and emission slits were
all that was required to obtain an adequate signal. The excitation and emission
wavelengths for PtTFPP were 387 nm and 650 nm. The excitation and emission

wavelengths for PtOEP were 533 nm and 646 nm.

Time-based Luminescence Scans

To analyze the responsiveness of the aerogels to changing oxygen concentrations,
time-based luminescence scans were taken for each probe-doped gel. Using a gas
proportioner, the amount of air and nitrogen gas flowing into the cuvette was varied over

time. Table 2-5 shows the parameters for the time-based scans:
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T&Z-i:’hmudﬁxvzyhgtheoxygenmmemmﬁondmingﬂwtimo—
el scams of cach probe-doped acrogel. The readings correspond to the settings for the
mplull an ke gas peoportioner.

The computer progyam Kalcidagraph was then used to produce Stern-Volmer plots for
thexe diga. The data fom the time-based was fit to the following equation:

¥ = V[(tmy/(I+m;*mg) ) H{(1-m; J/(1+m3* mg))) E]
winwrwm = £ (&tinofdcs’gmlhonemicmmvironmem), m = Kgyi, m3 = Kgva
CSecmn-Velmer quenching constants), and mg = percent oxygen. The starting conditions
fiar ther it e thiss cqmation to the PYTFPP data were m; = 0.9, mp = 1, and m3= 0.002. The

*c‘i—ﬁﬂ:mﬁwaem.=0.9,nu=60,andm3=0.00].

Lo Lifitinme S

The kmizescence Efetimes of PYTFPP and PtOEP were compared by using the

plwaphwerscoace Efetime attachment of the spectrophotometer. The luminescence decay
17




curves for both probes were taken over a 700-ys interval, and 10 scans were averaged.

The estimated lifetimes for PITFPP were 85 s and 20 ps. The estimated lifctimes for

PtOEP were 130 ps and 100 ps.

1. Gauthier, B. M.; Bakrania, S. D.; Anderson, A. M.; Carroll, M. K. J. Nos-Cryst.
Solids, 2004, 350, 238-43.

2. Lax, E. Spectroscopic investigation of the microenvironments experieaced by
rhodamine probes entrapped in silica acrogels and xerogels. Union College, Juar,
2005.

3. Demas, J. N.; DeGraff, B. A.; Coleman, P. B. Anal Chem., 1999, 71, 793A-800A.




Revults sad Discussion
Producing Uniform Samples

From previous work by Aaron F. Phillips, I was aware that the square mold
pictared i Figure 2-3, although an improvement on earlier designs, produced aerogels
theat Sacked uniformity. In other words, the Fo/F ratios varied from sample to sample. This

Tack of waiformity is illustrated by the time-based scans and the Fo/F ratios of Phillips’ 2-

28-06 standard recipe PtOEP-doped aerogels (Figure 3-1 and Table 3-1). The letters C,
ll,l,l,udxhthueﬁgmucomspondtounique cavities within the mold, as pictured
nFgare 2.3,




Time-based Scans of 2-8 Sud Aevogels in
Air and 100% N,

ﬁgze&l:fmhndum}m&mﬁxmmm
[llﬁhli‘qﬂﬂﬁ.WdSﬁﬂ-dﬁm
wavelength of 646 am, aad skt widéhs of 2 am

Table 3-1: FoF ratios of Phillips’ 2-28-06 standand recipe PXOEP-doped acrogels [1]




From Figure 3-1 and Table 3-1, one can see that the luminescence ratios are on the same
order of magnitude. However, the highest value (8.8) differs from the lowest value (3.6)
by approximately 60%. Hence, Phillips came to the conclusion that there was still room
for improving the uniformity of the aerogels produced on the hot press.

When I first began producing gels, rather than continue with Phillips’ mold, 1
decided to try producing aerogels in different molds. During one of the group meetings, it
was suggested that the round mold (Figure 2-4) be used in place of the square mokd.
Unlike in the square mold, in the round mold the sol-gel samples are placed equal
distances away from the center of the hot press, which the group believed represented
environments that were more similar. Unfortunately, the round mold produced samples
that were even less uniform than the samples shown in Figure 3-1. Figure 3-2 is a timo-
based scan of the 1-20-07 PtOEP-doped aerogels, and Table 3-2 is a summary of the Fo/F

ratios of these samples.
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Tiswe Buswd Sems (3-20-87 OEP Acrogels)

.
seeeee |
e
o
Z s
oo
il‘—
~ e
Lowess.
F.SOY
o

® W W6 36 400 00 600

e (0}

Frypmer 5-- e sk sce. of the 1-20-67 PYOEP-doped acrogels produced in the round
ﬂ.bﬁu“-’gmwwm@kﬂgm of 533 nm, an emission
wencicgl of 646 mwx. naf skic wiitfes of 2 nm. The samples were arbitrarily labeled S. 1
g S ¥ apwer nesseal fiom: die mold (see legend).

W[N]
8
(-]

Tl 3.7 FyF ratins of 1-26-67 PMOEP-doped aerogels produced in the round mold.

Fonnss Figgme 52 sk Tolble 31, it is evident that there is variation of the luminescence
s Geswens the samples. Jis adilition, the highest value (40.6) differs from the lowest
*ﬂﬁij&;ﬁ?’a.wﬁhihghmediﬂ'umbaweenthehigh and low
m&mmmhmmu
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In addition, the 1-20-07?&:@@@&1:—-;&-;-1-&-
be removed from the mold as monoliths. Overal, fhr srgiies s the soed smdd hed
mwm&smmmhbmhkgs“it--ﬁ.
This could hawbeendlxmﬂnhﬂnmim_‘ﬂbﬂtd-l
Lateron,lhunedﬂmovuﬁﬂingﬂ:uvi&s‘n&-ﬂﬂbubi—si
the aerogels [2].

The next mold I decided to test was poduond by Sasisesh Bakranis is 2905
(Figure 2-1) [3].1ﬁsmuhdndoﬁ4m,d-dh§rﬂishw
mold. Table 3-3 contains the Fo/F ratios obtained fen 2 S busod scam of e 2-16.67
PtOEP-doped acrogels prepared in this mokd.
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Table 3-3: Fo/F ratios of2-10-07m-bﬂt*spu&-"s-l The
data was ooﬂoaedusingmexm'nimw&m--ﬁ—l:mof
646 nm, and slit widths of 2 am.
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mold and square-moid acrogels. W}mﬂ:&hxﬂmﬂic—i
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to the lowest ratio (24.2), the difference is 18%. Since this mold appeared to produce the
most uniform samples, I used it to prepare all of my subsequent batches of aerogels.

In addition, the closed-bottom mold offered a greater degree of control over the
volume of precursor solution that was delivered to each cavity. In the previous two
molds, leakage was a problem after the seal had been formed by the Kapton and graphite
layers. As a result, it was virtually impossible to place equal volumes of solution into
each of the cavities. This was not the case with Bakrania’s mold. Initially, I did not
pipette equal volumes into each space. Figure 3-3 is a time-based scan of the 2-3-07
PtTFPP-doped aerogels. When these acrogels were prepared, 1 filled the slots in the mold
approximately two-thirds full. The Fy/F ratios for these samples are summarized in Table

34,
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doped aerogels. This characteristic was pethaps inherent in the PtTFPP samples becanse
their luminescence ratios were 3 to 5 times larger than the PtOEP samples, giving the
P{TFPP samples a greater range over which to vary. When we compare the sample with
the highest Fo/F ratio of the 2-3-07 PtTFPP-doped aerogels (109) to the sample with the
lowest ratio (64.2), we see that these values differ by 41%. This is still a smaller percent
difference than the other molds.

In order to test the effects of volume control, I prepared another batch of PITFPP-
doped aerogels in Bakrania’s mold. Rather than estimate the volume of precursor solution
1 was entering into the mold’s cavities, 1 pipetted exactly 4.50 mL of solution into each
space (approximately two-thirds full). Table 3-5 contains the Fo/F ratios of the 2-10-07

P{TFPP-doped acrogels that were produced using volume control.

Sample | Fo/F
la 51.0
1b 50.0
2a 74.6
2b 107

Table 3-5: Fo/F ratios of 2-10-07 PtTFPP-doped aerogels produced in Bakrania’s mold

using volume control.

From Table 3-5, the samgle with the highest Fo/F ratio (107) differs from the sample with

the lowest ratio (51) by 52%. Thus, there appears to be no significant improvement in

sensor uniformity when volume control is used.




Time-Based Liawinescence Scans of Aerogels Produced Via the RSCE Method

One desirable characteristic of a probe-doped gas sensor is sensitivity towards the
asalyte molecule. In this case, the greater response to changing oxygen concentrations,
the more sensitive a probe is to oxygen. In addition, the more sensitive a probe is to
oxygen, the more suitable the probe is for sensing oxygen. In order to compare the
sensitivities of PtOEP and PtTFPP, time-based scans of these aerogels were taken in
varying concentrations of oxygen. The data from these time based scans were then used
0 gencrate Stern-Volmer (S-V) plots, which allowed me to quantitatively compare the
sexsitivities of each probe-doped aerogel.

Since the acrogels produced in Bakrania’s mold were generally the most uniform,
1 decided to use these samples as a basis for comparing PtOEP and PITFPP. First, time-
hudmmtﬁmbrsanplﬁnfeachprobe-doped aerogel. Figures 3-4 and 3-5 are
time-based scans of the 2-10-07 PtOEP- and PtTFPP-doped aerogels respectively. The air

-ﬂﬂmpmtbnﬂowhgimnhecuvenedmingthescanwaschangedweryzoo
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Figure 3-4: Time-basod scan 0f 2-10-07 POEP-depoil scosp seagile 'tn. THscdiom wes:
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Once the aerogels were in 100% nitrogen, they began to approach their maximum

luminescence intensity. However, once a certain level of intensity was reached, the signal

approached its maximum very slowly. As a result, the samples were allowed 1800 s to

achieve their highest level of luminescence intensity. Figures 3-6 and 3-7 are S-V plots of
the 2-10-07 PtOEP- and PtTFPP-doped aerogels respectively. Both the PtOEP- and
PtTFPP-doped gels were fit with a two-site S-V equation, because previous research had
shown that the probes existed in more than one microenvironment within the aerogel

matrix [4].




Stem-Voimer Plot (2-10 PtOEP S.1a)
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Oxygen Conc. (%)

Figure 3-6: S-V plot for 2-10-07 PtOEP-doped aerogel sample 1a. The equation to the

line is y = VI((@(1+Kswi*[0:D)yH(1-/(1+Ksv2*[O:]))]. For this sample, = 0.968, Ksv;
=239, and Kgv> = 5.56 x 107,
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Figure 3-7: S-V plot for 2-10-07 P{TFPP-doped serons] sumple 1o (e wenio] S dswn
artifact). The equation to the line is y = L/[{(@ (1 Kevr IO DI T WHDE Fwr
this sample, f=0.981, Ksv; =30.7, and Kgvy =2.19% 10°.

From the §-V plots, I obtained the fraction of the probe in cae of fie: micvsnvicosmenss
(), the R~squared value of the fit, and the 5-V queaching comstsnss for fhe yesise inwsit
microenvironment (Ksvy and Ksvz). These data are summarized in T 36 o tie
PtOEP-doped aerogels, and in Table 3-7 for the P{TFPR-doped sceamels.




Kswi Ksvy R’

0968 | 23.9| 5.56x10*]0.99960
0958| 299 248x107°]0.99981
0.962 274| 2.74x10° | 0.99842
0963 28.8| 2.68x10°]0.99981
0.963 27.5] 2.11x10°%]0.99943

Table 3-6: Summary of the S-V data for the 2-10-07 PtOEP-doped aerogels.

Ksv R

2.19x10°  [0.99989
246x10° 10.99996
0* 0.99958
9.82x10° 10.99970
1.41x10°  10.99978

Table 3-7: Summary of the S-V data for the 2-10-07 PtTFPP-doped aerogels. *The Ksy,

for sample 2a is listed as 0 because the actual value obtained from the plot was -5.10 x

10, a nonsensical result. Thus, it was assumed that the actual value for this constant was

From the average values of Ksv1, one can see that the P{TFPP-doped aerogels had
overall higher quenching constants in microenvironment 1 (where the majority of the
probe was located). According to the average Ksv, values, the PtTFPP-doped acrogels
were more sensitive to changing oxygen concentrations. With respect to sensitivity,
PXTFPP appears to be a better oxygen sensor than PtOEP. For both probes, the Kgv2

values were very close to zero, which indicates either that the probe is inaccessible to




oxygen or that it is bound to the aerogel matrix in such a way that it no longer interacts

with oxygen.

Time-Based Luminescence Scans of Aerogels Produced Via the Conventional (Autoclave)
Method

To compare the probe-doped aerogels made via RSCE to the probe-doped
aerogels made in the autoclave, time-based scans were taken for PtOEP- and PtTFPP-
doped autoclave acrogels prepared by Amanda Barrow. One marked difference between
the autoclave and the RSCE aerogels was the Fo/F ratio. For both probes, the autoclave
produced acrogels with much lower Fo/F ratios. The Fy/F ratios for the PtOEP- and
PtTFPP-doped autoclave aerogels can be viewed in Tables 3-8 and 3-9, respectively.

Sample | FoF

10.8
11.9
13.2
8.00
12.8
10.4

- YLV PN RIS B

Table 3-8: Fy/F ratios of the 2-4-07 PtOEP-doped aerogels produced in the autoclave.
These aerogels were prepared using solvent rinses containing PtOEP, so less leaching of
the probe was observed than for other batches.
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Sample | Fo/F

1.76
1.65
1.78
1.68
1.77
1.59

NN B W| N

Table 3-9: Fo/F ratios of the 2-1-07 PtTFPP-doped aerogels produced in the autociave.
Solvent rinses used in preparing this sample did not include the probe. Significant
leaching of probe from the wet gel occurred.

From the time-based scans of each probe-doped aerogel, S-V plots were produced. An
example of one of these S-V plots is shown in Figure 3-8. From these plots, we were abic
to obtain the Kgv values for each aerogel. Tables 3-10 and 3-11 contain the S-V data for

the PtOEP- and PtTFPP-doped autoclave acrogels, respectively.
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Ksvi Ksw
65.0 [9.35x 107
40.6 | 4.40x 10"
81.1]1.03x10°
323]6.11x10°
61.0|9.85x10"
50.7]4.59x 10" ]0.99911
55.1|743x10° | 0.99969

Table 3-10: Summary of the S-V data for the 2-4-07 PtOEP-doped acrogels produced in

the autochave.

Kswi Ksw R

0404] 250]244x16° 0.99673
0.361 3.801251x10° 0.99914
0.374 106 |435x 102 0.99282
0352] 508{395x103 0.99818
0.387] 4.91{338x10° 0.99519
0.33 3.52]3.74x 102 0.9982
0368 5.07[339x10° 0.99671

Table 3-11: Summary of the S-V data for the 2-1-07 PITFPP-doped acrogels produced m

the autoclave.

When comparing the S-V data of the autoclave serogels to the S-V data of the RSCE

aerogels (Tables 3-6 and 3-7), there appear to be a few inconsistencies. For instance, the
Kswi ValuesofthePtOEP-dopedRSCEaﬂogdsaremu@lyh!fﬂthv]vahsﬁ&
PtOEP-doped autoclave aerogels. In contrast, the PtFPP-doped RSCE acrogels have Ksv,
values that are approximately six times larger than the Ksv: values for the PITFPP-doped

mnochveaerogels.ﬂms,thueappeustobemrdaﬁonshipbawemdnm




method and the Ksv values for each probe-doped acrogel. However, it can be noted that
for both probes, the fraction in the microenvironment more responsive to oxygen (f) was
higher for the RSCE aerogels. Hence, it appears that the RSCE method produces aerogels
with a more uniform microenvironment. Lastly, by examining Tables 3-8 and 3-9, and
comparing them to the Fo/F ratios of aerogels produced via RSCE, it becomes evident
that the RSCE method produces aerogels with a larger Fy/F. Even when the autoclave
aerogels were prepared using solvent rinses that contained the probe, the Fy/F ratios were
still smaller than the Fy/F ratios of the RSCE aerogels. Essentially, the data above
suggests that the RSCE method produces comparable, if not better quality aerogels, than
the conventional method if we define quality aerogels as having high Fo/F ratios, high
Ksv; values, and uniform microenviroments.

Laminescence Lifetime Studies

In order for a probe to be an effective gas sensor, it must have a long
Teminescence lifetime (>10 ns) [5). Probes with shorter lifetimes lose their energy before
the quenching species (oxygen) has time to interact with the excited state luminophore. In
contrast, probes with longer lifetimes give the quenching species more time to interact
with the excited state luminophore, giving the luminophore a greater ability to report on
quencher concentration. In this section of my study, I compared the lifetimes (1) of the
PtOEP- and PtTFPP-doped aerogels prepared on 2-10-07. Figures 3-9 and 3-10 are the

Ilominescence decay scans for a PtOEP- and PtTFPP-doped aerogel respectively.
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Luminescence Decay (2-10-07 PUTFPP Aeragel Samgle 1a)

180 L4
< se
160 s
140 4 . 5
120 .
2 100 : “
>

Figure 3-10: Luminescence decay scan for 2-10-07 tTFPP acrogel sample 1a. The data
was collected using an excitation wavelength of 387 nm, an cmission wavelength of 650
nm, and slit widths of 3 nm. In addition, the data was taken over a 700-ps inserval, and

was averaged over 10 scans.

By scanning the luminescence decay for all of the PtOEP and PCTFPP acrogels, | was
able to determine the lifetimes of each probe. The lifetime data and the chi-squared
values for the PtOEP- and PtTFPP-doped aerogels can be found in Tables 3-12 and 3-13

respectively.




Sample T (ps)

la 140.1
1t 138.2
1c 132.1
1d 127.2
2a 115
2b 421.3
2¢ 160.2
2d 254.7

| Average 200 60
Std. Dev. 100 50

Table 3-12: Luminescence lifetime data for the 2-10-07 PtOEP-doped aerogels.

Sample tl (us) | 72 (us)
la 83.15] 7.892
1b 85.67| 4.398
1c 85.090| 1.939
id 86.17 1.74
2a 79.15] 8.126
2b 78.831 6972

85| 6.743
84.83| 2963

fAverage 84 5
Std. Dev. 3 3

Table 3-13: Luminescence lifetime data for the 2-10-07 PtTFPP-doped aerogels.

When comparing the average lifetime values for each probe-doped aerogel, one can see

that the PtOEP samples have much longer luminescence lifetimes. However, the chi-

sqwedvﬂmﬁ,rmstoftheﬁtstoﬂledmycurv&smpoor. Even though they can
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Conclusions

By changing the mold that was originally used by Phillips to produce acrogels, it
appears that we have found a way to produce aerogels that are more uniform in their
luminescence signal. Phillips’ square mold yielded aerogels with Fo/F ratios that showed
a 60% difference between the sample with the highest ratio and the sample with the
lowest ratio. For aerogels produced in the round mold, this difference was 67%.
However, for aerogels produced the closed-bottom mold, this difference was only 18%.
By creating aerogels with more uniform Fo/F ratios, stronger conclusions can be made
about the effectiveness of a processing method and the characteristics of different probes.
Thus, if signal uniformity is the goal, the closed-bottom mold appears to be the best mold
for producing aerogels.

When comparing the PtOEP- and PtTFPP-doped RSCE aerogels, we determined
that PtTFPP had a higher Ksv, value (42.4) than PtOEP (27.5). From this data we
concluded that PtTFPP was the more sensitive probe. In industry, probes with greater

sensitivities are more desirable, as they can detect finer changes in their environment.

Therefore, with respect to this criterion, it appeared that PITFPP was a better oxygen

sensor than PtOEP. However, when luminescence lifetimes were taken for each probe-
doped aerogel, we found that PtOEP had an average t; of 186 ps, whereas P{TFPP had an
average T of 83.5 ps. Typically, probes with longer lifetimes are more desirable because
they remain in the excited state longer, allowing them more time to interact with the
analyte molecule (the quencher). Hence, with respect to luminescence lifetimes, PPOEP
appeared to be the better probe. Yet, from past studies in our group, we had learned that

PtOEP was subject to photodecomposition, meaning that it would lose its ability to
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