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•J ABSTRACT

Transparent polyurethane sheets have been prepared containing a dispersed
or covalently bonded organic dye. The fluorescent dyes are 2-diphenylacetyl-
1,3-indanedione-l-p-dimeth) laminobenzaldazine or the p-dihydroxyethylamino-
benzaldazine analog, which can be called DIPAIN derivatives. Changes in the
fluorescence of the dyes have been studied in the presence of methyl benzilate
and several nonvolatile aliphatic alcohols.. When methyl benzilate is added
during polymerization, fluorescence in both dye-containing sheets increases,
bUt the effect is greater for the sheet containing the covalently bonded dye.

. When a solution of methyl benzilate Is dropped on the surfaces of the dye-
containing sheets, the effect is greater for the dispersed dye. 'The dimethyl
dye blooms to the surface of the polyurethane sheet and can be wiped off as a
fine orange powder. Decyl alcohol shows an enhancement effect when spotted
together with the dimethyl dye on a silica gel TLC plate. Fluorescence en-
hancement is also observed when a polyurethane sheet containing dimethyl dye
is placed in contact with decyl alcohol vapor. The nature of the interaction
can include the aromatic ring systems of the dye and methyl benzilate, and
also the interaction of the dye with decyl alcohol through hydrogen bonding.
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INTRODUCTION

This research investigated molecular complex formation of fluorescent dyes and
dye-containing polyurethanes with aromatic and aliphatic organic ompounds. Molec-
ular complex formation between members of a class of fluorescent 1,3-indanedione-l-
imine derivatives and a-amino acids, a-hydroxy acids, esters of a-hydroxy acids, in-
secticides, and herbicides on solid supports, such as glass fiber paper and silica,
has been reported.'

Complex formation was found to alter the fluorescence behavior of the dyes
either by effecting more intense fluorescence or by shifting the fluorescence
spectrum, thus ye5mitting detection of the complex. Of the dyes evaluated by
Poziomek e 1 al, 2-diphenylacetyl-1,3-indanedione-I-p-dimethylaminobenzaldazine
exhibited thie strongest fluorescence and displayed the least specificity; i.e., it
formed a complex with the greatest number of organic compounds, including methyl
benzilate.
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This study examined the fluorescence effect of several organic compound. on dye
3,. it 3 ftinctionalized analogue, 2 -dtphenylacetyl-1,3-[ndanedione-l-p-bita(2-hydrxy-
ethyl) amtnobenzaldaztne 7, and dye 3- and dye 7 -containing polyurethaneq. Dye 3
was dispersed within the polyurethane matrix, while 7 was covalently bonded to it.

The proclivity of the benzatdazine dyes to form molecular complexes, which can
be ideitiffed fluorometrically, permits using the dyes It, chemical sub-tances detec-
tion appl ications. Incorporation of the dyes into polymers renders them more useful
for tw. reasons. A small.er amount of dye Is required when it is Incorporated Into a
polymer matrix, and •hese highly amorphous polymeri are capable of being fabricated
into clear coatings.

EXPERIMENTAL

Uye Sy•ithesis

The synthesis of dye 3,4 outlined In Equation (1), and dye 7,5,6 outlined in
Equations (2) and (3), have been described previously.

Polyurethane Synthesis

Polyurethanes _11, based on methylene bis(4-cyclohexyl isocyanate) 8(H1 2 4Dl)
(Desmodur W, Mobay Chemical Corporation), were synthesized by the two-step prepoly-
mer method. The soft segment component was poly(tetramethylene oxide) (PTMO) 9 of
molecular weight 2000 (Polymeg 2000, Chemicals Division, The Quaker Oats Company).
The prepolymer 10 resulting from the reaction of 8 with 9 (Equation 4) was chain
extended with 1,4-butanediol (Equation 5). The molar ratio of the reactants was

OCN -a CH2 -0 - NCO. HO1CH 2 CH 2 CH 2CH 2O)nH T17

H 1 2 MDI PTMO 2000
9 (4)

0 0
OCN CH 2 § NHC01CH2 CH42 CH2 CH 2 0InCNH _0 _ CH 2

PHEPOLYMER

10

PREPOLYMER * HOCH 2CH 2CH 2CH 2OH

1.4 BUTANEOIOL (5)

+NH-QC 2 ~j NHCO(CH 214OCNH CH2 {NHOW0CH2CI4 2 CH2CH20I14 +
11
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2.6:1.0:1.5 for Desmodir W:PTMO:1,4-butanediol, which represents an isocyanate-to-
hydroxyl ratio of 1.05:1. The reaction was catalyzed by a four percent (mass to
volume) dibutyltin dilaurate (T-12, M&T' Chemicals) solution in dry methyl ethyl
ketore (M0-K) ([UPAC:2-btztanone). Starting materials 8 and 9 were used as supplied,
land 1,4-b.tcinedtol was dried over molecular sieves. The polyurethane synthesis has
been des,:ribed previously.

The incutred viscoas mixtuires were poured into polypropylene molds and compres-
sion ihold,ýd at 100*C undex 125 psi (862 kPa). The samples were cured in the press
for one hour at 100%C and for (Lfteen hours in an oven at 100*C. Depending on the
mold, films varied In thickness from 58 t3 71 mils (0.15 to 0.18 cm). The variation
in a single sample was ±1 mit (2.54 x 10 cm). Compression-molded samples were cut
to measure 3.50 x 0.80 cm.

Dye Incorporation

Dyes 3 and 7 were generally incorporated into the polyurethane mgtgix by blend-
ing into -O at the point of chain extension- is described pgeviously.e' Dye con-
centration In the polyurethanes was 2.2 x 10 to 3.7 x 10- moles/l00 g polymer.
Comparisons were made with polyurethanes of the same dye concentrations. In one or
two cases mentioned below, 7 was added to ditsocyanate 8 prior to prepolymer syn-
thesis.

Fluorescence Spectroscopy

Fluorescence spectra were obtained using a Perkin-Elmer LS-5 scanning spectro-
photometer. Samples were held in the front surface accessory. The fluorescence
spectra for the dye-containing polymers are shown in Figure 1. The excitation wave-
length was 476 nm.

Fluorescence Microscopy

An epi-fluorescence microscope (Olympus Vanox, Japan-Spectra Instruments, Inc.,
Littleton, MA), powered by a 200-W mercury lamp, was used to try to evaluate the
homogeneity of the dye distribution in the polyurethane films. Film samples ranging
in thickness from 58 to 71 mils (0.15 to 0.18 cm) were examined while mounted on
glass slides. The resolution of the instrument is approximately 0.5-'u. Data were
quantified by the Olympus control unit attached to the microscope.

Samples were examined under white light in the transition mode and fluorescent
light-in the epiluminescent mode. The excitation filter permitted excitation from
480 nm, and it had a peak maximum of 490 nm. Emission was examined at wavelengths
higher than 500 nm using another filter. Samples were examined at magnifications
ranging from 48 to 1200X.

Treatinent With Methyl Benzilate, An Aromatic Compound

The polyurethane samples were treated with methyl benzilate 12 in one of three
ways: 1) adding 12 as a solution in TUF to the prepolymer 10 during polymeriza-
tion at the chain extension step; 2) immersion of the polyuE-ehane 11 in an ethanoltc

7 8YRNI.. C A.. McIIUGll. i.A.. MATTON. R.W.. hind SCIINiIDID.R.N.S. I'rSp. rlfm d , ,q Po flIIhffr gd hltqrr

Coat. Plastics Chem.. v. 47. 1982. p. 49.
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Figure 1. Effect of methyl benzilate treatment of polyurethanes in which
dye is dispersed and to which dye is covalently bonded. Dye concentration:
3.67 x 10-0 moles/100 g polymer. Methyl benzilate concentration: 2.06 x
10-5 moles/lO0 g polymer. (--) bonded dye 7; (-) dispersed dye 3.2

solution of 12; or 3) adsorption of an ethanolic solution of 12 onto the polyure-
thane surface. In all cases, the concentration of 12 exceeded that of the dyes by
at least one order of magnitude. Generally, four specimens of each sample were
tested. Methyl benzilate was used, because it has been shown to exhibit a rery
strong fluorescent enhancement with 3 on solid supports such as silica gel.

OH 0
M C -OMS

12

When 12 was added during polymerization, the dyes were added to 10 at the same
time. For the immersion tests, 3 was added to 10 during chain extension, and 7 was
added to 8 prior to prepolymer synthesis. For the adsorption test, 7 was adde•d at
different stages in different polyurethane samples, and 3 was added to 10 during
chain extension.

Treatment With Aliphatic Compounds

'The interaction between dyes 3 and 7 and the following aliphatic compounds was

investigated: 2-dibutylaminoethanol (2-5DBAE), diethytene glycol monobutyl ether
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(DEGE) [l, PAC.2-(2-butoxyethoxyethanol).], and n-decyl alcohol (DA) [IUPAC:I-
decanol]. These compounds were distilled and used both neat and as one percent
solutions in ethanol. The enhancement effect was studied in three ways: 1) diffu-
sion (immersion) in dye 7-labeled polyurethane; 2) interaction in the solid state
(silica gel) with 3 and 7; and 3) vapor phase diffusion (sorption) of DA in dye 3-
containing polyurethane.

The diffusion of DA into a 0. 2 1072-g polyurethane specimen, in which 3 was
dispersed, took place under vacuum. Sorption measurements were conducted at 25*C
using an electrobalance. Mass increase due to solvent uptake was monitored over
time with a strip-chart recorder. DA has a saturation vapor pressure P0 - 0.05 mm
Hg (=7 Pa). 8This value was determined using Antoine's equation with appropriate
coefficients 8 and confirmed by extrapolation of the line obtained from plotting
known values. 9 The sorption procedure, which took eight days due to low vapor
pressure of DA, involved equilibrating the film with solvent at a value approaching
unit activity. A schematic diagram of the sorption apparatus is shown in Figure 2.

STo Vacuum Pumps

Constant
Sensors 100 Torr Vor Temperture BaIt

1000 Torr Source
Ballasl Volume

Figure 2. Vapor sorption apparatus.

RESULTS AND DISCUSSION

Treatment With Methyl Benzilate 12, an Aromatic Compound

Method 1: Treatment With Methyl Benzilate 12 During Polymerization

Fluorescence enhancement in the p esence of 12. which had been observed in the
crystalline state on solid supports,e' has been found to occur in polymer matrices.
The enhancement effect observed with 3 and 7 when 12 was added to the prepolymer is
represented by the curves in Figure 1.

Compound 12 effected a 65 percent increase in fluorescence intensity in the dye
3-containing sample and a 225 percent Increase in the sample containing 7 (Table I).
The fluorescence enhancement realized by the latter was visible to the unaided eye.

81 CRC 1,•;j1! ,' 'Pt (ho,,0li4i 5hi F d . IR C We."I. r,., Itls (Ui.mht,,l Rtdo•s Ii, (tt•djtlo 11hh1w. IQYIW r -
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Table 1. FLUORESCENCE ENHANCEMENT IN
POLYURETHANES TREATED WITH METHYL

BENZILATE DURING POLYMERIZATION

Fluorescence Intensity
Incredse After Exposure

SampI e (%)

11/3 65
"WT/T 225

The dramatic fluorescence enhancement observed in the dye 7-labeled polyure-
thane suggests that complex formation is favored when the dye is covalently bonded.
Dye conformation may be altered by covalent bonding such that 12 has greater access
to the covalently bonded dye 7 than to the dispersed dye 3. The distributions of
3_,7 and methyl benzilate in the hard and soft segments also probably affect the
result. While 7 is covalently bonded and assumed to be present in the hard segment,
it.could be bonded in very short, hard segments that might be phase mixed.

Method 2: Treatment by Immersion

Two samples, one containing 3 and one labeled with 72 were treated with a one
percent (bý weight) soluti n of 12. Dyes 3 and 7 were present in concentrations of
4.05 x 10 and 3.05 x 10- mol/T0O g, respectively. Specimens were weighed before
immersion and after drying in order to ensure the absence of residual solvent.
Specimens were dried under ambient conditions.

Fluorescence enhancement occurred in the methyl benzilate-exposed samples.
Typical da-a for specimens exposed to 12 for at least four days and dried for seven
days are listed in Table 2.

Table 2. FLUORESCENCE ENHANCEMENT IN
POLYURETHANES IMMERSED IN METHYL

BENZILATE SOLUTION

Fluorescence Intensity
Increase After Exposure

Sample (%)

11.3 4069
9

The fluorescence Intensity increase for 11 containing 3Is far larger than for
the polymer containing 7.. While these data represent the reverse of the trend ob-
served'for samples treated during polymerization (Method I), they are entirely te-
producible. This reverse trend indicates that 3 is more accessible to 12 than 7 in
the immersion test. This is not surprising, since 3 continually bloomed -a a fine
orange powder on the surface of the transparent polyurethane sheet starting several
days after it was prepared. The immersion solvent shoved evidence of dissolved dye.
Dye 7 is cnvalently bonded in the polyurethane hard segment, which is typically less
swellable 5y common solvents. The solution of mthyl benuilste simply did not come

6



in contact with 7 to any extent. Ethanol was chosen as the solvent for these immer-
sion tests, becau-se the swelling of the polymer was low in this solvent and the in-
tegrity of the sample was maintained. The weight uptake after 66 hours Immersion of
the polyurethane in pure alcohol was 72%, compared with 226% in tetrahydrofuzan and
1300% in methylene chloride.

Method 3: Treatment by Adsorption

Me thyl benzilate was adsorbed onto polyurethane by placing 12, as a one percent
solutior,, dtopwise on the film surface. After solvent evaporation, the samples were
wiped with 2-propanol to remove 12, which may have crystallized on the polymer sur-
face. Fluorescent enhancement was realized in both the covalently bonded and dye-
dispersed systems. The intensity was so great as to surpass the easuring capabil-
ity of the instrument for samples whose dye concentration was 10 mol/ O0 g.

Three polyurethane samples in the 10-7 mol/100 g dye concentration range were
treated with a one percent solution of 12. These polyurethanes were prepared with
dye as follows: 11 Dye 7 added to 8 prior to prepolymer synthesis at a concentra-
tion of 2.19 x 10 mol/I-00 g; 2) Dye 7 added to 10 at the chain extengion step,
resulting in 7 bonded to hard segment at a concentration of 2.19 x 10- mol/100 g;
and 3) Dye 3 added at the ctain extension step dispersed within the matrix at a
concentration of 3.67 x 10- mol/QO0 g.

The samples were permitted to dry for one day before their fluorescence was
measured. Sample 3 exhibited the greatest fluorescent enhancement following expo-
sure to 12. The fluorescence intensity increase of 92% for sample 3 was followed by
an increase of 17% for sample 1, which was followed by an increase of 2 percent for
sample 2 (Table 3). The enhancement difference between samples 1 and 2 may not be
significant; however, the difference between samples 3 and either samples 1 or 2 Is
significant.

Table 3. FLUORESCENCE ENHANCEMENT IN
POLYURETHANE SURFACE-TREATED WITH

METHYL BENZILATE

Sample Fluorescence Intensity
Number Increase (%)

1 17
2 2
3 92

These data suggest that the dispersed dye is more accessible to 12 than the
bonded dye. This may be due either to migration of 3 to the sample surface (bloom-
ing) or more accessible Internal location of the dispersed dye as compared to that
of the bond&d dye. While 3 Is presumed to be dispersed evenly throughout the poly-
urethane mstrLx (assuming no migration), it may be located primarily In the soft

segment-domtlfns, the reason being that the soft segment comprises 712 of the matrix.
Soft seguen:s are generally more permeable to and swellable in organic solvents than
polyurethane hard segments. Selective sorption ofthe methyl benatlate solution Into
the soft semient would lead to the greatest degree of fluorescence enhancement to be



realized by sample 3. This relationship between the nonfunctionalized and function-
alized dyes where the dispersed dye realized the greater fluorescence enhancement is
similar to that observed in the samples exposed to [2 by immersion.

.Samples 1-3 were rescanned ten days after the initial data were collected. The
results are shown in Table 4. The increase in fluorescence enhancement with time
for all .5amples may be due to loss of polymer-free volume within the matrix due to
evaporatlon of ethanol that had diffused into the polyurethane upon treatment with
methyl btnzilate.

Table 4. FLUORESCENCE ENHANCEMENT IN
POLYURETHANES SURFACE-TREATED WITH

METHYL BENZILATE SOLUTION
(RESCANNED AFTER 10 DAYS)

Sample Fluorescence Intensity
Number Increase (%)

1 118
2 90
3 407

'In both the immersion and adsorption studies, methyl benzilate effected greater
enhancement of dye 3 as compared to 7 regardless of the location of 7. Only In the
case where 12 was added directly to the polymerization during chain extenslon did 8
effect a greater enhancement of 7, which was added at the same time.ý For an appli-
cation in which the polymer sheet might be used in chemical detection equipment, the
use of non-bonded dye is clearly indicated.

Treatment Witn Aliphatic Compounds

,The fluorescence enhancement effect has been shown to occur with a small number
of aliphatic compounds,.* Since aliphatic compounds are less likely to form charge-
transfer complexes tharn aromatic compounds, it was appropriate to stridy fluorescence
enhancemennt in the polymer sheets with aliphatic compounds. This would provide
evidence for the general utility of the polymer sheets in detection applications.
The aliphatic compounds chosen are all large alcohols; therefore, hydrogen bonding
also plays a role in the enhancement effect to be described.

Hetnod I: Treatment by Immersion

Polyurethane samples containing 7. which were exposed to 2-AZI, MMEGE, and 04
for 64 h:,urs in ethanol solution, were scanned in the spectrophotometer six days
after exposure. Decreases In fluorescence were observed (Table 5). These de-
creases, also observed for samples exposed to the neat aliphatic compounds (Table
6), may !e due to fluorescence quenching by the aliphatic compounds or to altered
morphology as a result of polymer swelling. A polyurethane containing 3vas not
studied by this method, but might give a more positive result such as that obtaneid
when "methyl benzilate-was .used.

.~~'fV. tt~! ~~r~.hctmp~~iMdI niy~(~tw.A~' efl q~qv~.~wb~. ~b~,*Jv8fe



Table 5. EFFECT OF ALIPHATIC COMPOUNDS
(SOLUTIONS) ON FLUORESCENCE OF DYE

7-LABELED POLYURETHANES

Fluorescence Intensity
Treatment Increase (%)

2-DBAE -70
DEGE 3I DA -17

Table 6. EFFECT OF ALIPHATIC COMPOUNDS
(NEAT) ON FLUORESCENCE OF DYE

7-LABELED POLYURETHANES

Fluorescence Intensity
Treatment Increase (%)

2-DBAE -92
DEGE -37
DA -48

Method 2: Treatment on a Solid Support

The enhancement effect of these aliphatic compounds on 3 and 7 was reexamined
in the solid state. Both dyes were immobilized on silica gel-covered thin layer
chromatography plates. Enhancement was evident with both 3 and 7. DA effected the
greatest enhancement for both dyes. 2-DBAE and DEGE effected fluorescence enhance-
ment to'sa lesser degree but approximately equal to each other. The aromatic methyl
benzilate 12 caused the least enhancement on the silica TLC plates. Based on these
data, sorption was conducted with DA.

These data are significant, because they indicate that the mechanism of fluo-
rescence enhancemnt is not exclusive to interaction between aromatic rings. The
Interaction may be that of charge transfer; however, DA is also capable of hydrogen
bonding interaction with both dyes. The interaction between 12 and the dyes say
also Include hydrogen bonding.

Method 3: Treatment by Vapor Sorption

The polyurethene specimen realized a 6.5 percent mass Increase dueto sorption
of DA. The sorption data are plotted as weight uptake versus the square root of
time (Figure 3) and display essentially Fickian diffusion behavior. At the activity
of the 4yst, t~e average diffusion coefficient was calculated as having a value of
1.1285 x 10- cm /sec. Sample fluorescence intensity increased 352 as a result of
association with DA, indicating a significant interaction with the dye 3-containing
polyurethane matrix. The sorption experiment simulates the exposure of chemical
deteetion.equipment to toxic vapors in the environment.

9



1.l

1.0-

0.9-

•O.s

0.?

0.

S045
.2

0.3

0.1 R-N(CH3)2

0.0 1.5 3.0 4.5 6.0 7.5 9.0 10.5 12.0 13.5 1.0
Timel/2 (hrl'2)

Figure 3. Vapor sorption of 1-decanol into dye 3-containing polyurethane.

Fluorescence Microscopy

Samples exhibited an even distribution of fluorescence intensity across the
length and width. A dye 3-containing sample that had been treated with methyl ben-
zilate exhibited significantly brighter fluorescence than its untreated counterpart.
No crystallites of any kind'were observed in the treated sample. This indicates
that the polymer samples used in the experiments discussed above were free of large
precipitated dye crystals, which would cause tremendous variability among samples.

SUMMARY

The -1,3-indanedione-.1-imine dyes were found to form molecular complexes with
certain aLiphatic and aromatic compounds when immobilized on either an inorganic
support or in a polyurethane matrix. Complex formation was identified by the in-
crease in fluorescence of these dyes and the dye-containing polyurethanes. The
fluorescence response depended on the method by which the organic molecule was in-
troduced into the polyurethane. When methyl benzilate 12 was introduced by imer-
sion or adsorption, the dye 3-containing system exhibited greater fluorescence en-
hanceident; however, when 12 was introduced during polymerization, the dye 7-labeled
system exhibited greater fluorescence. Fluorescence enhan&ement in the prosonce of
an aliphatic compound occurred in a vapor sorption experiment on a polymer film
containing.
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