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Nanocomposites with organic-inorganic properties represent a new field of basic research and offer
prospects for many novel applications in extremely diverse fields, due to their remarkable emerging new
properties and multifunctional nature. However, controllable manipulation of their fluorescent proper-
ties in different phases is still challenging, which seriously limits the related applications of nanocom-
posites. In this work, a convenient protocol to fabricate organic-inorganic nanocomposites composed of
stilbene chromophores and CdZnS/ZnS quantum dots (QDs) pairs, with controllable fluorescent proper-
ties is presented. It is found that stable white-light emission can be achieved only in solution phase, with
negligible energy transfer or reabsorption between chromophores and QDs pairs. By contrast, when the
nanocomposites are deposited as blended films, they cannot give
rise to white-light emission, no matter what donor/acceptor volume
ratios are used. However, the blended films can exhibit near-unity
efficiency (94%) of Forster resonance energy transfer from QDs to
chromophores. The underlying physical mechanisms are revealed
through comprehensive steady-state and time-resolved spectroscopic
analysis. This work suggests that the CdZnS/ZnS QDs/stilbene nano-
composites can be directly used for fluorescence sensors and probes
in biological system as well as fundamental investigation of light-
harvesting, and also sheds light on developing other new materials
for artificial photosynthesis and optoelectronics.
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Unusual Fluorescent Properties of Stilbene Units and CdZnS/ZnS Quantum Dots Nanocomposites: ...

1. Introduction

Organic-inorganic nanocomposites combining the best
features of distinct classes of different materials rep-
resent a remarkable and growing category within the
world of materials science, offering great opportunities
for the development of functional materials.l!l During the
last twenty years, considerable basic research has been
undertaken into producing tailor-made multifunctional
nanocomposites with perfect control over composition,
structure, and shape.[>

Semiconductor nanocrystal quantum dots (QDs) have
become an important class of nanomaterials with various
potential applications due to their remarkable stability
and size- and shape-dependent optical and electronic
properties.>®! QDs possess high quantum yields with
broad absorption and narrow emission bands, indicating
that it is promising to use QDs to fabricate functional
nanocomposites.”]

There are a lot of prior literatures which discuss in
details the energy transfer induced fluorescence enhance-
ment between colloidal QDs and various fluorescent
dyes,!®l but reports of controllable fluorescent properties
between them in different phases are scarce. For different
application purposes, controlling such interactions in the
inorganic—organic scaffold will be extremely important.
For example, the generation of white-light emission from
nanocomposites in solution is of particular interest for a
wide range of applications, such as fluorescence sensors
and probes in biological systems.®] While in the blended
films of QDs and chromophores, efficient light-harvesting
will be crucial for fabrication of various practical solid
devices. Inspired by previous research progress, it is
expected that QDs/chromophores pairs with controllable
manipulation of fluorescent properties in both solution
and solid phases will have more extensive applications.
However, such kinds of multifunctional QDs/chromo-
phores nanocomposites are still being explored. To realize
efficient nanocomposites, it is crucial to develop chromo-
phores that have broad tunability of fluorescence emis-
sion in different phases.

In view of the high quantum yield of blue-light emit-
ting CdZnS/ZnS QDs and the wide tunability of fluores-
cence wavelength of a stilbene chromophore in different
phases due to its strong intramolecular charge transfer in
organic solvents and special n-stacking building in solid
state, here we present the preparation of their nanocom-
posites in different phases. Much different from previous
counterparts, with the absence of fluorescence resonance
energy transfer (FRET) and reabsorption, the nanocom-
posites in chloroform (CHCl;) will be especially favorable
for the generation of white-light emission through direct
mixture of separate blue- and orange-light emission from
QDs and dye. When a chromophores/QDs/PMMA solution
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is deposited to form blended films, highly efficient
energy transfer from CdZnS/ZnS QDs to stilbene chromo-
phores has been achieved, though white-light emission
could not be generated no matter what donor/acceptor
volume ratios are used. The FRET mechanism is confirmed
through comprehensive steady-state, time-resolved, and
temperature dependent spectroscopic analysis.

2. Result and Discussion

2.1. Optical Properties of Stilbene Chromophore:
Intramolecular Charge Transfer Properties

The detailed synthesis and characterization for stil-
bene chromophore are given in the Experimental Sec-
tion, while its chemical structure is shown in Figure la.
Figure 1b shows the UV/vis linear absorption and fluo-
rescence spectra of stilbene chromophore in the different
mediums. From Figure 1b, the absorption peaks were
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Figure 1. a) Chemical structure of stilbene chromophore studied.
b) Normalized linear absorption and fluorescence spectra of the
stilbene chromophore in different organic solvents and PMMA
film. The insets show the photographs of fluorescence emis-
sion for the stilbene chromophore in CHCl; and PMMA under UV
excitation.
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generally red-shifted with an increase
in the solvent polarity, but the extent of
spectral shift was small, being merely
a few nanometers. For the stilbene
chromophore in PMMA film, slight
broadening of the optical absorption
was observed, which should be attrib-
uted to the slight aggregation effect. In
sharp contrast, the fluorescence peaks
of the stilbene chromophore solutions
varied dramatically with solvent polarity

and can be up to more than 120 nm. It
was found that in organic solvents such
as toluene, CHCl; and dimethyl sul-
foxide (DMSO), the molecular emission
peaks located at 490, 565, and 615 nm,
respectively. Evidently, the emission
wavelength of stilbene chromophore
was bathochromically with increasing
solvent polarity. It was well known
that organic derivatives comprising of
donor and acceptor often showed such
a solvatochromic effect. The similar
phenomena were reported for p-nitro-
stilbene derivatives and trans-alkoxy-
nitrostilbenes, which were attributed
to intramolecular charge transfer.1011 I
Regarding the blue-shifted emission
peak in PMMA film, it can be discussed

in terms of the molecular packing
induced crystallographic modification in solid phase.l*!]
We have measured the lifetimes of the emission bands for
stilbene chromophore in CHCl; and PMMA film (Figure S1,
Supporting Information). From emission lifetime emission
and fractional amplitudes of them, it could be concluded
that CHCI; solution exhibited shorter weighted mean life-
time compared to the PMMA film (Table S1, Supporting
Information).

Counts

2.2. Optical Properties of CdZnS/ZnS QDs

The composition homogeneity and size distribution of
the CdZnS/ZnS QDs were analyzed by transmission elec-
tron microscopy (TEM), and the typical low-magnification
and magnified images of the sample are presented in
Figure 2a,b. TEM images of QDs showed a size/shape distri-
bution. A statistical analysis on more than 150 QDs in TEM
images demonstrated that the most of the as-prepared
nanocrystals were dispersed with diameters of 7.5+ 0.3 nm
(Figure 2c). Figure 2d shows the absorption and fluores-
cence spectra of colloidal and closed-packed CdZnS/ZnS
QODs. For the colloidal sample, the absorption and fluores-
cence peaks located at 408 and 456 nm, respectively. The
observed Stokes shift of 48 nm and fluorescence full width
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Figure 2. a) TEM images of CdZnS/ZnS QDs. The picture in b) is the magnified image of
(a). c) Size histogram of QDs. d) Absorption and fluorescence emission spectra of CdZnS/
ZnS QDs in CHCl; and closed-packed solid film.

at half maximum (FWHM) of 31 nm indicated narrow size
distribution of CdZnS/ZnS QDs. For closed-packed CdZnS/
ZnS QODs, the fluorescence peak was centered at 467 nm,
about 11 nm red-shifted compared to the colloidal sample.
The quantum confined Stark effect can be excluded as the
reason for the spectral shift in closed-packed CdZnS/ZnS
QODs, since only one emission band was observed.[*2] Based
on the experimental results of lifetime measurements,
it can be concluded that such kind of red-shift should be
due to inter-QDs FRET (Figure S2, Supporting Informa-
tion). Therefore, the narrow size distribution was still wide
enough for the occurrence of inter-QDs FRET.

2.3. White-Light Emission of QDs/Stilbene
Chromophores in Solution

Inspired by the fact that the fluorescent behaviors of stil-
bene chromophores had a strong dependence on the
molecule's surrounding environment, the chromophores
could be used as fluorescent sensors for solid-liquid phase
change, viscosity, and temperature.[B] Such kinds of white-
light emitting system not only preserved the surrounding
environment dependent fluorescent properties of stilbene
chromophore but also had bright prospect in fluorescence
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tively, or at least two cyan colors (blue
and orange emission). In view of orange-
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light emitting stilbene chromophore
and blue-light emitting ODs in CHCl,
solution, with proper control of mix-
ture ratio, white-light emission may be
achieved from their nanocomposites.
Figure 3a shows the normalized absorp-
tion and fluorescence spectra of QDs,
stilbene chromophore as well as their
spectral overlap. From the linear absorp-
tion spectra of QDs, stilbene chromo-
phore and ODs/stilbene nanocomposite
(Figure S3, Supporting Information), we could conclude
that the electronic coupling between QDs and stilbene
chromophore in the mixture was negligibly small. In
order to achieve white-light emission in the solution,
several concentration values of dye and QDs were care-
fully chosen through the measurements of fluorescence
spectra and the comparison of their fluorescence inten-
sity. It was found that direct mixture of their solutions
(volume ratio of stilbene chromophore/QDs) could gen-
erate white-light emission when the solutions of ODs and
stilbene chromophore were prepared in a concentration of
2.5 pg mL? and 1 x 107> m, respectively. The related fluo-
rescence spectrum of the nanocomposite solution was pre-
sented in Figure 3b. The white-light emission was further
conformed by the CIE chromaticity coordinates, which
were calculated from the emission spectra of Figure 3c.
The CIE coordinate of the white-light-emitting solution
was (0.30, 0.31), which was very close to the coordinate of
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Figure 3. a) Comparison of normalized absorption and fluorescence spectra of stilbene
chromophore and QDs in the CHCI, solutions. The spectral overlap between them are
highlighted in shadow. b) Comparison of fluorescence intensity of QDs, stilbene chromo-
phore and their mixture. c) CIE coordinate diagram of the emission colors obtained for
stilbene chromophore (1), individual QDs (2) and the stilbene/QDs nanocomposite solu-
tion (3). d) Fluorescence decay detected at 455 nm for QDs alone and nanocomposite
solution, excited at 365 nm.

standard white-light (0.33, 0.33). The insets in Figure 3c
show the photographs of blue, orange, and white-light
emitting QODs, stilbene chromophore, and QDs/stilbene
nanocomposite in solutions under UV excitation. It was
worth noting that the fluorescence intensity of stilbene
chromophore (nominal acceptor) only slightly increased
(Figure 3Db). To confirm whether energy transfer in the
nanocomposite solution was negligible, time-resolved flu-
orescence measurements monitoring the ODs emission at
455 nm were performed and the results are depicted in
Figure 3d. Obviously, the donor lifetime of QDs emission
almost remained unchanged, indicating weak energy
transfer in the nanocomposite solution. In order to fur-
ther prove that the absence of energy transfer and reab-
sorption in the nanocomposite solution was not due to
limited neighboring stilbene chromophores around QDs,
similar sample mixture with increased concentration of
stilbene chromophore solution (1 x 107 to 1 x 10~ m) was
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evaluated. Again, no distinct enhance-
ment of acceptor emission and dramati-
cally quenched donor emission were
observed, which undoubtedly confirmed
that the nanocomposite exhibited weak
energy transfer and reabsorption in
solution (Figure S4, Supporting Infor-
mation). Such kind of phenomenon
was supposed by small spectral overlap
of QDs emission and stilbene chromo-
phores absorption (Figure 3a), as well as
the long distance between QDs and stil-
bene chromophores.

Stable color quality independent of
concentration (corresponding to reab-
sorption) is important for practical
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application, thus the emission proper-
ties of nanocomposites were examined (¢
under various concentrations. Through [
progressive dilution of the mixed solu-
tion from 1 to 24 fractions, the fluo-
rescence spectra profiles remained
unchanged over such a wide concen-
tration range (Figure S5, Supporting
Information), indicating that the color
quality of nanocomposites will not be
randomly disturbed by local change of
solution concentration. Consequently,
even though nanocomposites
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efficient energy transfer in solutions,
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stable white-light emission system and
guarantee the reliable performance.
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Figure 4. a) Comparison of normalized absorption and fluorescence spectra of stilbene
chromophore and QDs in the PMMA film. The spectral overlap between them is high-
lighted in cyan color. b) Comparison of fluorescence intensity of blended films with dif-

ferent volume ratio of acceptor to donor. c) Fluorescence decay detected at 455 nm for

2.4. FRET in Chromophores/QDs/
PMMA Blended Film

As discussed above, compared to the case
in solution, the stilbene chromophore
in PMMA film was featured with much
dramatic change in its physical and optical behaviors.
Therefore, even though energy transfer in the nanocom-
posite solution was negligible, it may be expected in the
blended film. In order to obtain homogenous solid films
with potential light-harvesting properties, various ratios
of stilbene chromophores and ODs mixture in the CHCl,
solutions were first prepared, and then PMMA was added
by ultrasonic dispersion, followed by spin coating on clean
substrates and drying at ambient temperature. The intro-
duction of PMMA in the blended films can be explained as
follows. PMMA is well known for excellent processability,
and it has good linear transmission and excellent optical
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blended films with different volume ratios of acceptor to donor, excited at 365 nm. The
volume ratios of stilbene chromophores to QDs are 0, 3, 6, and 18, respectively; d) Excita-
tion spectra of donor detected at 455 nm, acceptor detected at 510 nm, and the blended
film detected at 510 nm. The pink dashed line represents the fraction of energy transfer
from the donor to acceptor, which resembles the excitation spectrum of donor.

properties, which will not influence the optical proper-
ties of individual components in the blended films. On one
hand, the dispersion of the chromophore into PMMA can
avoid the molecular fluorescence quenching. On the other
hand, the aggregation induced inter-ODs energy transfer
can be weakened in PMMA host, which would facilitate
the analysis of physical mechanisms of light-matter inter-
action between stilbene chromophore and QODs. For con-
venience of quantitative analysis, the solutions of QDs
and stilbene chromophores were fixed with a concentra-
tion of 2.5 pg mL™ and 1 x 10 m, and the mass quantity
ratio of QDs to PMMA was 5%. Figure 4a shows the spectra
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of emission and absorption for donor and acceptor. The
fluorescence spectra for blended films were recorded for
different donor/acceptor volume ratios (Figure 4b). The flu-
orescence intensity of donor (QDs) continuously decreased
with the addition of more stilbene chromophores, accom-
panied by the increase of acceptor’s green fluorescence.
No matter what donor/acceptor volume ratios were used,
white-light emission cannot be obtained in the blend film,
due to the blue shift of acceptor’s emission wavelength in
solid phase. Time-resolved fluorescence measurements
were used to investigate the energy transfer behavior in
details. Figure 4c presents the fluorescence decay curves
recorded at 460 nm (corresponding to ODs emission in
PMMA film) for QDs in absence and in presence of acceptor.
Obviously, the donor fluorescence decay in the presence
of acceptor was significantly accelerated with respect to
that of pure donor. In addition, the lifetime of the donor
emission further decreased with increasing more frac-
tion of acceptor in the mixture. It was thus assumed that
the shortening of lifetime of donor was dominated by
FRET process. For both pure donor and blended system,
the fluorescence emission decayed in a multiexponential
manner, which meant the energy transfer occurred with
different rate constants due to the inhomogeneous nature
of films (slightly different aggregation in different domain
of films).!*¢] The absorption of donors would contribute to
the energy transfer induced fluorescence enhancement of
acceptor, which can be reflected in the excitation spectra
of the donor, acceptor and blend system, as indicated in
Figure 4d. Compared to the excitation spectrum of sole
acceptor, the blended film presented a distinct additional
component in a region corresponding to the absorption
of donor. By calculating the difference of blended system
relative to pure acceptor recorded at 510 nm, we can esti-
mate the contribution of donor to acceptor emission in
the blended system. As shown in Figure 4d, the difference
plotted versus the wavelength resembled the excitation
spectrum of donor, stressing the fact of FRET.['7 The FRET
efficiency is defined as E = 1-tp,/1p, Where 1p, and 1 are
donor lifetimes with and without a neighboring stilbene
chromophore.[*®! Biexponential fitting to QD decays at the
wavelength of 460 nm in PMMA film gave satisfactory
fits showing a short lifetime component of t; = 0.34 ns
(A; = 0.11) and a long lifetime component of 1, = 4.18 ns
(A; = 0.89) (Table S1, Supporting Information). A substan-
tial shortening of the OD donor decay was observed in the
presence of the stilbene chromophore acceptor (Figure 4c).
At highest volume ratio of stilbene chromophore/QDs
(V(A/D) = 18), biexponential fitting yielded a major short
lifetime component of 1, = 0.15 ns (A; = 0.90), and a minor
long lifetime component of 1, = 1.05 ns (A, = 0.10), respec-
tively. The fractional amplitude weighted mean lifetime of
ODs in absence of stilbene chromophore (1 = 3.75 ns) was
considerably reduced to be 1p, = 0.24 ns when the acceptor
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was present in the solution. The FRET efficiency (E) was cal-
culated as 94% for this molar ratio.

A Dbetter understanding of energy transfer occurring
in the composite system can be achieved by analyzing
the temperature dependence of the emission from the
single components and their blended film.1?! The normal-
ized fluorescence spectra of donor, acceptor and blended
films measured in the temperature range between 10 and
300 K are shown in Figure 5a—c, respectively. As indicated
in Figure 5a, the native fluorescence emission at 10 K
from QDs, embedded in a PMMA film, was dominated by
one emission band located at 466 nm, accompanied by
a weaker shoulder at 442 nm. With increasing tempera-
ture both peaks shifted toward lower energy, and relative
contribution of the peak derived from original shoulder
steadily increased to dominate. Even though inter-QDs
energy transfer would result in the red shift of emission
as observed at low temperature, such influence can be
excluded here. Considering the inter-QDs energy transfer
at room temperature should be more efficient compared
to that at low temperature /22! the peak derived from
466 nm at 10 K should continue to dominate the fluo-
rescence spectra even at room temperature. Therefore, at
10 K, the peaks at 442 and 466 nm should be ascribed to
free exciton and the bound-exciton complexes or other
native defects (instead of red shift induced by inter-QDs
energy transfer), respectively. The fluorescence spectra
of the bound-exciton complexes disappeared with the
increasing of the temperature. Obviously, as the tem-
perature increased, the bound excitons dissociated and
transformed into free exciton. As expected, the emission
profile of stilbene chromophore in PMMA film remained
constant due to large bound energy of Frenkel exciton
in organic molecules (Figure 5b).12%] Interestingly, the
blended film, besides the peak at 460 nm, no distin-
guishable emission band for QDs was seen at any other
location for all considered temperatures (Figure 5c). As
the temperature increased, the peak position of fluores-
cence spectra still remained unchanged. Besides influ-
ence of bound excitons dissociation, due to close energy
levels between defect state in QDs and excited state of
stilbene chromophore, the absorbed energy was more
easily transformed from the defect state of QDs to excited
state of stilbene chromophore, compared to the case of
energy transfer from QDs’ free exciton emission state to
molecular excited state (Figure 5d). As a result, the lower
energy band of fluorescence emission that corresponded
to bound-exciton emission was depleted, keeping the QDs
emission in the blend films remaining unchanged with
the increase of temperature.

For the practical application in biosensor and solid
optoelectronic devices, the materials must demonstrate
good photostability under laser operation. To fur-
ther investigate the photostability of nanocomposites,
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materials involving energy transfer and
reabsorption. In our case, ODs and stil-
bene chromophore emitted blue and
orange fluorescence, respectively, which
directly mixed and resulted in white-
light emission when suitable mixture
ratio was used. Whereas in the blended
film, white-light emission could not
be generated, no matter what donor/
acceptor volume ratios are used. How-
ever, in this case, upon the excitation,
apart from a resonant energy transfer
of excitons in ODs’ excited states, a recy-
cling of trapped excitons by resonant
transfer to the excited state in the stil-
bene chromophores was also possible,
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4. Experimental Section

Materials: Solvents, chemicals, and PMMA
(M,, > 1900, M,, > 1730, autoignition tem-
perature 580 °F) were purchased from Sigma-
Aldrich and used as received without further
purification. All solvents and PMMA are ana-
lytical standard.

Stilbene Chromophore Synthesis: (E)-
1-((6-bromohexyl)oxy)-4-(4-nitrostyryl)-
benzene  trans-4-nonyloxy-4’-nitrostilbene
(0.50 g, 2.0 mmol) and 1,6-dibromohexane
(2.44 g, 10 mmol) were dissolved in the mixed
solvent of KOH (2 m, 10 mL, aqueous)/tetrahy-
drofuran (10 mlL), with tetra-n-butylammo-

425 510 595 680 765
Wavelength / nm

Figure 5. Temperature-dependent fluorescence spectra a) for donor, b) acceptor, and
c) their blended film measured under the excitation of 325 nm.The dashed lines follow the
peak positions and are a guide for the eyes. d) The defect state of ODs mediated energy
transfer in blended film.VB represents valence band, while CB represents conduction band.

bleaching tests were carried out on the both white-light
emitting solution and green emitting blended film. The
fluorescence emission intensity from them maintaining
100% of their initial emission even irritated at an optical
intensity of 1 W cm™ for 220 min, indicating their excel-
lent photostability (Figure S6, Supporting Information).

3. Conclusions

To sum up, the generation of white-light emission in the
nanocomposite solution was much different from those
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nium bromide (0.68 g. 2.1 mmol) as a phase
transfer agent.?? The reaction mixture was
then heated at 65 °C overnight, before extrac-
tion with methylene dichloride (DCM) and
column separation with "hex:DCM 1:1 as
eluting solvent. Yield: 52.5% (0.44 g, yellow
powder). 'H-NMR (CDCl,) &: 8.20 (2H, d, ] = 8.4
Hz), 7.59 (2H, d, ] = 8.4 Hz), 7.49 (2H, d, ] = 8.4
Hz),7.23 (1H, d, ] = 16.4 Hz), 7.01 (1H, d, ] = 16.4 Hz), 6.92 (2H, d, ] =
8.4 Hz), 3.99 (2H, t, ] = 6.4 Hz), 3.41(4H, m), 1.93-1.80 (4H, m), 1.52
(2H, t, 3.2 Hz).23C NMR (CDCl,) &: 159.77, 146.40, 144.34, 132.97,
128.84, 128.44, 126.49, 124.17, 124.00, 114.88, 67.86, 33.93,
32.75, 29.57, 28.01, 25.43. MALDI-TOF-MS: 404.82 (Calculated:
C,oH,,BINO;, 404.30). Melt point: 86.7 °C. The detailed synthesis
information can be found in the Supporting Information.
CdZnS/ZnS QDs Synthesis: Blue-emitting ODs were synthesized
via standard high temperature approach in noncoordinating sol-
vent. Cadium oxide and zinc acetate were dissolved in oleic acid,
and sulfur in 1-Octadecene was injected into the aforementioned
mixture at 310 °C, with the temperature maintained for 12 min.
For outmost zinc sulfide growth, the sulfur injection dose was
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prepared by dissolving elementary sulfur in oleic acid, and the
dose was injected dropwisely. The reaction lasted three hours.
Compared with other synthetic protocols for blue emitting Cd-
based colloidal quantum dots, the oleic acid ligands that passi-
vate the QDs surface demonstrated much stronger binding and
better passivation effect. The blue-emitting QDs prepared based
on this protocol, due to long shelling duration, were large in size
and have thick shells, which gave rise to high absorption cross
section and fluorescence quantum yield, as well as excellent pho-
tostability. The blue-emitting QDs in solution had a fluorescence
quantum yield up to 85%.

Instruments: High-resolution transmission electron micro-
scopy (HRTEM) images were taken by using a JEOL JEM-2010.
The morphologies of the samples were characterized by the field
emission scanning electron microscope (JEOL-6700F model). The
absolute fluorescence quantum yields of all the samples were
measured using integrating spheres (GSTM-VGMS-400).

Measurements of UV-vis Absorption, Fluorescence Emission,
and Fluorescence Lifetime. UV—vis absorption spectra were meas-
ured with a Shimadzu UV-vis spectrophotometer. The fluores-
cence spectra of the samples were collected from the samples,
and then the signals were dispersed by a 750 mm monochro-
mator combined with suitable filters and detected by a pho-
tomultiplier tube (Hamamatsu R928) using a standard lock-in
amplifier technique. Excitation spectra were obtained using
a 450 W xenon lamp monochromated with a double Czerny-
Turner spectrometer (GEMINI 180) whose excitation intensity
was precorrected. The emission lifetimes were obtained from
time-correlated single photon counting (TCSPC) technique,
with a resolution of 10 ps (PicoQuant PicoHarp 300). The second
harmonic generation of Titanium sapphire laser (Chameleon,
Coherent Inc.) operating at 360 nm (100 fs, 80 MHz) was used as
the excitation source. The temperature dependent fluorescence
measurements were performed between 10 and 300 K within a
helium closed-cycle cryostat.

Supporting Information

Supporting Information is available from the Wiley Online
Library or from the author.
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