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Abstract

Persistent time-delayed luminescence was observed in bulk polymer Polyamide-6 (nylon 6) samples at room temperature.
Using X-ray 20-diagnostics we have separated two crystalline forms of the material which exhibit serious differences in their
time-delayed luminescence properties. Whilst for the a-form the afterglow temperature threshold is at the range of 100 °C,
the y-form samples require cooling to about —20 °C for the effect becomes observed by eye. The afterglow relaxation traces
are highly reproducible and we extracted the Becquerel law function (compressed hyperbola) for them. The conclusion
derived on the origin of the effect is the photoinduced charge recombination process. A theoretical model is presented for

the explanation of the experimental results.

1 Introduction

There is a big literature to date devoted to the luminescence
of organic (particularly polymer) materials and a large scope
of experimental studies and theoretical approaches to the
problem [1-4]. However, the most attention was directed
to the effects associated with some material-related param-
eters, i.e. molecular structure. In this view, our goal is to
distinguish a general property inherent to materials of dif-
ferent origin. As an object, we have chosen easy available
Polyamide-6 (PA-6) in two modifications [5]. The interest
to commercially produced Polyamide-6 material is usually
connected with the characterization of fibers and yarn [6, 7].
Oppositely, our study is devoted to bulk solid polymer sub-
stance with particular attention to its photophysics proper-
ties. Recently we reported on the effect of a persistent after-
glow observed at room temperature with PA-6 illuminated in
UV range [8]. As the origin of the effect was quite unclear,
some new methods were applied to understand the issue.
With the use of X-ray 20-treating we have found an evident
correlation between the microscopic crystalline structure of
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the material and the luminescence properties of PA-6 sam-
ples. The a-form samples demonstrate persistent afterglow
(several seconds duration) at room temperature, in contrast
to y-form samples which start the visual glowing at about
250 K. The temperature dependence was checked for both
crystalline forms.

We applied a technique for isolation of the afterglow
signal and registered temporal decay function in accord-
ance with the Becquerel law (compressed hyperbola). The
analysis performed gives an explanation for the hyperbolic
delayed luminescence function.

2 Experiment

An example of the time-delayed luminescence signal
observed at room temperature conditions is shown in Fig. 1.
We used pulse N, laser operating at 337 nm wavelength with
pulse duration 9 ns to excite PA-6 samples. Luminescence
was collected by a quartz lens and the signal was cleaned
from a scattered UV pump with a glass filter. A photomulti-
plier with a time resolution better 1 ps was used to register
the signal.

The short laser pulse permits detection of fast fluores-
cence response and possible time-delayed emission. Indeed
we have detected a sharp peak and extremely long “tail” of
the afterglow. Even with the temperature increase, the after-
glow was still detected as shown in Fig. 1a. The single-shot
relaxation function appeared non-exponential and the best fit
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Fig. 1 a Typical luminescence response of PA-6 sample on a short
excitation pulse from N, laser (337 nm wavelength) at room tem-
perature (300 K) and under heating to 400 K. b Accumulation of the
afterglow signal under pulse-periodic excitation (9 pulses from N,
laser, 50 Hz repetition rate)

was found in a form of hyperbola. (Below we shall examine
this point in more details).

In the pulse-periodic regime (repetition rate 50 Hz) the
following pulses contribute conjointly to the time-delayed
signal which is fairy seen by eye at room temperature during
several seconds after switching the pump off (Fig. 1b). The
signal accumulation does not happen for a heated sample as
the relaxation time amounted to about 10 ms for the 400 K
temperature.

However, samples of PA-6 taken from different sources
behave in a different manner: some exhibit the same time-
delayed luminescence at room temperature, other required
cooling for the effect to occur. To explain the strange con-
tradiction we have analyzed the samples along with their
microscopic structure.

@ Springer

8000

7000 (94
6000 -
5000 -|
4000 -|
3000 -

2000 ]/

1000

Reflection intensity, arb. un.

ot+————7——7 7T
10 15 20 25 30 35 40

Angle 206, deg.

Fig.2 Wide-angle X-ray diffraction pattern of polyamide-6 samples
in o and y forms as indicated

2.1 X-ray diagnostics and luminescence spectra

As it is known, two crystalline modifications exist in PA-6
which differ in the morphology of molecular chains pack-
ing [9]. In this view, we have separated the samples along
with their crystalline morphological forms with the aid of
X-ray diagnostics (Bragg reflection 20-technique). The
results obtained for the tested objects are shown in Fig. 2:
samples of the y-crystalline phase possess well defined sin-
gle reflection peak at about 21.5°, whereas the samples of
the a-crystalline phase show two sharp reflection peaks at
20.13° and 23.85°.

The detected difference in a crystalline form thus deter-
mines the temperature threshold for the afterglow effect:
a-form samples give a persistent afterglow observing at
room temperature and y-form samples do not. Moreover,
the luminescence spectra appeared also quite different for
these forms.

The samples’ luminescence was tested with HITACHI
MPF-4 spectrofluorimeter at room temperature with the
excitation wavelength range from 250 to 400 nm. This
choice was conditioned by the width of the examined lumi-
nescence spectrum which occupies near UV and practically
the whole visible range. We detected for the o-form samples
the existence of two luminescence bands, one with the maxi-
mum at 340 nm and another with 390 nm with the elonga-
tion to 600 nm. As seen in Fig. 3 the luminescence of a-form
sample exhibits a switching from the 340 nm band to the
390 nm band in a short interval of the excitation wavelength
between 300 and 310 nm.

Similar measurements were performed with y-form
samples. We did not detect the switching between the sepa-
rate luminescence bands but instead a gradual shift of the
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Fig.3 Switching of the luminescence bands observed with a-form
sample at the excitation wavelength range from 300 to 310 nm

maximum from the near UV to the visual spectrum range
(Fig. 4).

We note the results obtained for the a-form sample are
in good coincidence with the literature data [10]. Relating
to the observed luminescence spectra, the afterglow effect
with the excitation in the region 300—400 nm releases the
emission in the band 400-600 nm.

2.2 Time-delayed luminescence inspection

The first observation of the afterglow in Polyamide-6 sample
with a pulse N, laser stimulated the development of a more
advanced technique for the effect inspection. Instead of a short-
pulse source, we applied periodically switched UV LED or
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Fig.4 Luminescence band shift observed with the variation of the
excitation wavelength in the range from 280 to 310 nm observed with
y-form sample

diode laser. To isolate a relatively small signal of the time-
delayed emission (with respect to the bright fluorescence) we
used a shutter which blocks the input to the photomultiplier
at the moments of the pulse pump. Thus the shutter closes the
window during the pump pulses and opens it in the intervals
between the pulses, therefore the only afterglow signal can be
registered when the window is open. In this way pure after-
glow signal will be detected without the fluorescence peaks.

The experimental setup is schematically depicted in Fig. 5.
To carry out temperature measurements, a cryostat with a
sample inside was used. UV radiation is concentrated on the
sample with the lens L, and the luminescence is collected with
the lens L,. The color glass filter in front of the photomultiplier
window blocks the scattered UV pump radiation.

The resulting oscilloscope trace is shown in Fig. 6. The rise
of the afterglow signal is seen (accumulation of the excita-
tion) until reaching a saturated value as well as the decay after
switching the pump off. (Periodically closing window gives
the control of the photomultiplier background dark noise).

The reliability of the experiment permits to resolve with
high accuracy the temporal function of the afterglow relaxa-
tion. (We note for a long excitation time and accumulation of
excitation in the material the temporal characteristic of the
afterglow differs from registered in the case of a single short
pulse (Fig. 1)). An analysis gives the fitting parameter k=1.08
for the relaxation function in the form of compressed hyper-
bola (Becquerel law [11])

S(t) = L
B (t+1,)" M

S, and £, are experimental parameters.

l‘l |‘||'| |‘| Generator
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Cryostat
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4}:5 " H-
= PM
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Fig.5 Experimental scheme composed from the excitation LED
(374 nm emission) or laser diode (407 nm) operating in a pulse-peri-
odic regime (emission spectrum is rectified with a UV glass filter),
lenses L, and L,, sample in a cryostat, and a detector (photomulti-
plier) with a color glass filter cutting off the scattered pump radiation.
The shutter closes the photomultiplier (PM) window at the moments
of the excitation pulses and opens it in the interval between them
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Fig.6 Experimentally recorded with the aid of the shutter system
time-delayed luminescence signal. Excitation from a diode laser
(407 nm) longs to 0.7 s until the saturated level S, is reached, then
the relaxation of the afterglow signal is detected with a hyperbolic
function

2.3 Temperature dependence

The elaborated technique permits also precise measure-
ments of the afterglow temperature dependence and the
determination of the effective threshold. The value S, was
measured in the same experimental environment with con-
trollably varied sample temperature. In the range from 20
to 120 °C we observed first a decrease of the magnitude
S, With some stabilization in the interval 40-80 °C until
the final decrease which is caused by the diminishing of
the relaxation time to the value less than the period of the
pulse train (Fig. 6). The interval between the excitation
pulses amounted to 12 ms, in these conditions the signal
accumulation does not take place with the temperature
rise to 80 °C. Of course with shorter intervals the sig-
nal decrease will occur at higher temperature. Vice versa
with the interval 22 ms the corresponding temperature was
found 60 °C as seen in Fig. 7.

The examples of the shape of the relaxation function
obtained for a-form samples are given in Fig. 8 for the
peak-normalized plots corresponding to the measurements
at 25 and 125 °C. This picture qualitatively explains the
disappearance of the afterglow seen by the eye: the relaxa-
tion time diminishes to about 10 ms which is less than an
eye’s recognition time. In this view the temperature thresh-
old for the afterglow observed by eye is close to 50 °C.

We have measured also the temperature dependence for
y-form samples with the use of a cryostat as shown in
the experimental scheme (Fig. 4). The results presented
in Fig. 9 show very similar behaviour with the signal
decrease at the room temperature range for a-form. The
threshold occurs at about 0 °C as it is seen.
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Fig.7 Temperature dependence of the saturated signal S, for a

pulse-periodic excitation (closed circles, pulse duration 12 ms, the
interval between pulses T= 12 ms, open circles, pulse duration 44 ms,
the interval between pulses T=22 ms) for a-form sample

2.4 Afterglow spectrum detection

The experimental setup also can be used for the detection
of the afterglow spectrum. As the excitation source in these
measurements, we accepted UV LED with the emission
band at 368 nm. The choice of a-form sample does not
require sample cooling and simplified the measurements
at laboratory temperature conditions. With the periodically
open window, a relatively weak afterglow signal was ana-
lyzed by Ocean Optics spectrometer. The detected spectrum
is presented in Fig. 10. A comparison with the fast fluores-
cent spectrum (time window 1078 ) obtained for the same
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Fig. 8 Relaxation of the measured afterglow signal, for room temper-
ature (25 °C) and heated sample (125 °C), for the a-form PA-6 sam-
ple
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Fig.9 Temperature dependence of the saturated afterglow signal S,
measured for y-form sample. The interval between excitation pulses
amounts to 20 ms
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Fig. 10 The afterglow spectrum (A) and fast-response fluorescence
spectrum (F) recorded with the excitation at the wavelength 368 nm

excitation wavelength 368 nm with the use of HITACHI
MPF-4 spectrofluorimeter is given.

3 Analysis and discussion

As follows from our previous considerations [8], the after-
glow effect is originated owing to the recombination of pho-
toinduced charges with nearly continuum energy distribu-
tion. The excitation process can be considered therefore as
an accumulation of the electrons on the traps which number
(per molecule) can be limited. During the following relaxa-
tion, the trapped electrons can recombine with holes. Thus we

consider the luminescence process as a transition of a trapped
localized electron to a trapped localized hole in the conditions
of extremely low mobility of the charges involved and their
random spatial distribution.

The model of time-delayed emission can be constructed
on the assumption of existence of localized states with differ-
ent energy levels. Let us assume also that the holes have tight
localization. The trap is defined by a sphere with the radius a
and energy U(r) where r is the modulus of the radius vector r

(U, lrl<a
U“”‘{O,u|>a 2)

The corresponding Schroedinger equation for a trapped
electron is written as

m,

A
(‘ om, * U“")‘Pfo) = £¥ )

We can find the solution for an isolated trap outside the
sphere in a form of superposition of functions wl(m)(r)

w"(x) = Y0, 9)R(r), @)

where Yl(m) are spherical functions with indices / and m
Y0, ) = 0, (0

i ( ,(P) - Ee lm( ) (5)
and

il [21+ 1 (= |m])!

1/2

where P} is the Legendre polynomial. Radial function R(r)
satisfies the equation

2m,E
SR() )

or2  ror r2

[az 20 l(l+1)]R(r)_
o 29 () = —

For negative E Eq. (7) transforms to a modified Bessel
equation. The solution is expressed via Bessel function of sec-
ond order (Macdonald function) of a fractional order K, ; »(xr)

R(r) = a)(xr)™'PKpy p(xr), (8)
where ¢, is a constant and

1/2
2m,|E
K= & C))
h
Asymptotic behavior of the Macdonald function at the limit

xr— oo takes the form

—Kr

e

1
\/E \/E‘, (10)

K1 p(kr) =
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what gives the result
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According to the Fermi’s golden rule a probability for the
transition to a low-energy level amounts to

13)

-

where ¥, is an excited state, ‘I’f is a ground state and the
z-axis connects the spatial position of the centers involved
on a distance / between each other. Let us assume the exist-
ence of two potential wells, one for the photoinduced elec-
tron and another for the hole. The zero-order approximations
of these states are solutions of Eq. (3) with different a, E and
U(r). According to the perturbation approach, the first-order
approximation of states can be determined via isolated state
functions ‘I’;O) (initial state) and ‘I’j(,o) (final state). Thus prior
to calculate the probability of transition i —f (Eq. (13)) we

determine the functions ¥, , via the isolated states functions
pO.
if

1
Wy = \PEO) -3 <‘P}°) ‘PEO)>‘P}°) (14)
and

1
¥, = 9O - 5(\115‘” ‘P;O)>‘I’f.0) (15)

We suppose that / is much larger than the sizes of the traps
and the overlapping of initial and final states is very small.
The seeking integral (13) can be taken with the considerations

(FON,0) = (FOORE D) - (B OE0)
((#O0l¥0) + (P01 )

(16)

The supposed symmetry of the states ‘P;O) and ‘I‘;O) leads to

the result
[
<\P§O>(r)|z|\11§°>(r)> == 17)
and
/

(OO0 0) = 3. (18)
@ Springer
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Taking into account that lI’(O)(r a;, U, ) rooo and
that the final state function asymptotlcally fades much faster
we come to the result

(200 EO0)) ~ e, (19)

and the probability for an electron transition (Eq. (13)) there-
fore attains the form

Piey = PP exp(=2xD), (20)

where B is a proportionality coefficient and / is the distance
between the trapped electron and a hole. Then let us esti-
mate the probability for an electron to recombine with the
main part of the surrounding holes. We take L as an average
distance between a localized photoinduced electron and a
neighbour hole. The actual counterpart holes are thus located
within a spherical layer of the radius L with the thickness
(2x)~! with the hole concentration n,,. The probability for an
electron transition to these holes amounts to

P, = pL’n, exp(—2«L) 1)
With the account that n,L=const, L, ~ n~'/3 and Eq. (20)

is rewritten as

P_,= }/n exp( -2k n_l\3) (22)

y is a constant coefficient. Then we can determine the func-
tion of the relaxation law for the photoinduced electrons as

dn

o = —ynePi_,f. (23)

Assuming the concentration of electrons and holes is the
same n,=n;,=n we come to the differential equation

i —yn*/3 exp(=2k'n"1\%) (24)
dt
The substitution u=n""" leads to the equation

du _ Y ok
o 3eXP( 2K"u) (25)

With the analytical solution

L exp(2x’u) =

5 —t+ C, (26)

where C is a constant determined by the initial conditions,
and consequently

1 2"y
u=§1n< - > @7

Finally the concentration of photoinduced electrons
attains the form
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n(t) = (2¢') [n (@t + O, (28)

where ¥’ and a are material parameters. As seen from
Eq. (28) the electron concentration tends to zero with the
time tending to the infinity in a rather slow manner. The
main result of the derivations is the seeking intensity func-
tion I(t) — -dn/dt:

1
at+C’

1(t) « [In(at + O)1™* (29)

The temporal dependence (29) obtained in this simple
model gives a straightforward and transparent explanation of
the relaxation process observing as hyperbolical-like lumi-
nescence decay function.

4 Conclusions

The problem of solid-state material luminescence has an
old history and is studied in detail especially for crystalline
inorganic media [12—16]. In organic materials, a variety of
effects is associated additionally with specific molecular
structure [1]. As concerned with polymers the phenomenon
of delayed photoluminescence can originate in general either
from triplet—triplet recombination or from recombination
of electron—hole pairs [17, 18]. Actually, the time-delayed
luminescence of polymers at low temperatures is usually
observed in thermoluminescence measurements [19, 20].

The electron—hole recombination process is deeply stud-
ied in solids and the effect is accompanied with an energy
release obeying well-established temporal dependences. Sur-
prisingly the compressed-hyperbola low is not explained up
to now. The solution probably can be found in the account
of the quantum tunnelling process [21, 22] quite similar to
use in our model.

In the presented report we combine detailed inspection of
luminescence properties of a polymer Polyamide-6 existing
in two crystalline forms and theoretical analysis of a model
describing the time-delayed luminescence in the material.
The main point of this study is the revealing of the temporal
dependence of the afterglow effect and its theoretical analy-
sis. The time-delayed luminescence function was found to
reproduce well-known empirical Becquerel law (compressed
hyperbola). We relate this result to the process of radiation
release owing to the photoinduced charge recombination in
the situation of negligible charge diffusion and random spa-
tial distribution of the charges.

In the theoretical approach we succeeded to build a sim-
ple model for localized recombination centers. The advan-
tage of the model is an analytical solution which describes
the Becquerel law in a concise expression. The model pro-
posed describes only single electron energy state and does

not include the temperature dependence yet. In general we
can formulate only that the temperature influences on the
time-delayed luminescence via depopulation of the traps
and quenching the radiating transitions of the photoinduced
electrons. The revealed difference between the treated o and
y forms of PA-6 appeared in the temperature influence on
the observed afterglow. A possible explanation is the varia-
tion of the trapped charges energy levels, and this question
requires further clarification.

We could also note the modified hyperbola (Becquerel
law) function looks very common for a wide class of materi-
als of a rather different origin e. g. studied recently afterglow
effect in synthetic opal [23].
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