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Abstract of the Thesis 

 
Spectroscopy of Gallium Selenide Nanoparticle Nuclei 

 
by 
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Master of Science in Physics and Chemistry 
 

University of California, Merced, 2011 
 

Professor David F. Kelley, Advisor 
 

 

 
 An explanation was sought for unexpected fluorescence spectroscopy results 

encountered when examining as-synthesized gallium selenide (GaSe) nanoparticles at 

low temperatures, 20-240 K.  Three types of spectroscopy were utilized in the process of 

gathering data.  UV-Vis absorption spectroscopy was employed at room temperature.  

Static fluorescence spectroscopy was used in the temperature range from room 

temperature down to 15-20 K and time-resolved fluorescence spectroscopy results were 

gathered from 21 K to 240 K.  The results are consistent with the idea that GaSe 

nanoparticle nuclei exist in equilibrium with GaSe nanoparticles in the synthesis the 

Kelley lab commonly uses.  These nuclei are non-luminescent at room temperature due to 

non-radiative losses, but emit strongly at low temperatures, approaching a quantum yield 

of 1.0 at 21 K.
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Introduction 
 

Crystal Structure of Gallium Selenide 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pink spheres represent gallium atoms, gray spheres represent selenium atoms.   
Strong double bonds between galliums are shown in pink. 
Weak forces between the tetra-layers are not depicted. 
 

Figure 1:  Structure of GaSe  [1] 
 

 Bulk gallium selenide (GaSe) is a layered semiconductor material.  Much like 

graphite, it has a structure which is anisotropic.  Figure 1 depicts a portion of two tetra-

layers or sheets of GaSe.  The forces between the sheets are stronger than those in 

graphite, but much weaker than those in non-layered materials. [2]  This property was 

exploited to create the first colloidal nanoparticles using a process of crushing bulk 

crystals and subsequent sonication. [3]  While this demonstrated that the weak bonding 
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between layers of GaSe could give rise to relatively stable single layer particles, it was 

necessary to use synthetic means to produce nanoparticles of more uniform diameter. [4] 

 Gallium selenide nanoparticles exist as disk-shaped assemblies which are exactly 

four atoms thick, i.e. a single tetra-layer. [9]  These disks have the ordering Se-Ga-Ga-Se, 

with selenium atoms forming the outer faces of the disk.  Only at the edges of the disk are 

the gallium atoms exposed.  Much work has been done in the Kelley group on the ligands 

that are used at the edges of the disk to stabilize GaSe nanoparticles.  If the ligand binds 

too weakly, the nanoparticles are subject to degradation, while the presence of large or 

numerous ligands limits the investigations that can be performed on the nanoparticles by 

reducing the nanoparticles’ ability to approach each other closely. [6]  Appendix A 

contains the procedure for synthesizing GaSe nanoparticles in trioctylphosphine (TOP), 

the common synthesis used in the Kelley laboratory. 

 Gallium selenide nanoparticle nuclei are extremely small fragments of GaSe, <2 

nm in size, that can serve as centers for development and growth of the larger GaSe 

nanoparticles when concentrated sufficiently [5].  In accordance with their small size, 

they absorb at wavelengths of less than 350 nm [5]. 

 The production of GaSe nanoparticles using the synthesis procedure described has 

been verified using several major experimental methods:  spectroscopy (absorption and 

luminescent), TEM imaging, electron diffraction, and AFM.  Details of those results are 

available in the literature [4,9] and the interested reader is encouraged to consult them.  

The thorough vetting done in those experiments allowed subsequent researchers to 

confidently proceed using a reduced set of observations on a daily basis.  Aggregated 

GaSe nanoparticles in solution exhibit a distinctive yellow color as shown in Figure 2.  
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This visual inspection is a primitive spectroscopic observation, which the researcher 

confirms by performing the routine analyses.  Thus, evidence of GaSe nanoparticle 

production during and after a synthesis is routinely collected using two basic 

spectroscopic techniques, UV-Vis absorption and static fluorescent emission. 

 

 
 

Figure 2:  Photograph of GaSe/TOP 
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Figure 3:  Typical Absorbance Spectrum for GaSe/TOP 

 

 

(1) Absorption Spectra.  An example of a typical absorbance spectrum is shown in 

Figure 3.  When a researcher is confirming GaSe nanoparticle production, she/he will 

look for the ultraviolet and visible light (UV-Vis) spectrum to show a characteristic 

absorption peak in the vicinity of 410 nm.  This absorption peak is indicative of  GaSe 

nanoparticle aggregation.  The source of the peak is detailed in the literature [7], but in 

brief, it arises from the particle interactions enabled by close approach of  GaSe 

nanoparticles, which in turn are the result of the top and bottom selenium surfaces 

remaining unligated.  The stability of a sample can be judged by the constancy of the 
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absorption spectrum.   Samples stored in the glovebox, away from all sources of water 

and oxygen, and strongly ligated particles retain their initial absorption spectrum longer.  

Old samples have poorly defined peaks, which often indicates that the sample is forming 

bulk GaSe.  Peaks can be eroded by any process which limits aggregation, such as 

dilution, or which destroys the constituent nanoparticles. 

 The large peak to the blue of 350 nm has a ragged appearance due to the 

limitations of the UV-Vis machine at such high absorbances.  The absorbance is due to 

both the x,y-polarized transition in aggregated GaSe nanoparticles and the small GaSe 

nanoparticle nuclei which are the subject of this thesis. 

 

(2) Emission Spectra.  The other commonly performed test is a check of the 

luminescence of the sample.  Given an absorption peak at 410 nm, the static fluorescent 

response of GaSe to light of that wavelength displays a characteristic shape and peak 

position.  An example of this at room temperature is shown in Figure 4. 
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Figure 4:  Typical Emission Spectrum for GaSe/TOP 
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Review of Previous Work 

 Researchers in the Kelley laboratory have produced a wealth of information about 

the structural, dynamic and spectroscopic characteristics of GaSe nanoparticles and 

aggregates.  Two papers produced by Kelley lab researchers are of particular relevance to 

the discussion at hand. [5] [6]  

 

Superradiance in GaSe Nanoparticle Aggregates  [5] 

 The term superradiance was coined in 1954 by Robert Dicke.  In this context, it 

refers to the spontaneous emission of photons from coupled aggregated nanoparticles.  

GaSe nanoparticle aggregates exhibit oscillator strength ratios (n-aggregate/n monomers) 

between 1.5 and 2.0.  This variation in amount of superradiance has been attributed to 

how strongly coupled the aggregated nanoparticles are. [5,6] 

 One of the items addressed in this paper is a cold-synthesized GaSe sample.  This 

researcher took a TOP ligated synthesis and used methanol to run an extraction on it.  

The methanol then contains small GaSe nuclei, a small amount of TOP and some 

nanoparticles.  This extraction was subsequently ultra-filtered to eliminate nanoparticles 

larger than 3.5 nm and greatly reduce the abundance of those in the 2 – 3.5 nm range.  

Absorbance spectra confirm that only GaSe nuclei remain, absorbance rising rapidly at 

wavelengths below 350 nm. 

 The methanol was then evaporated off.  When a sufficient amount of methanol 

had been removed, the TOP phase separated.  Subsequently, the intense yellow of GaSe 

aggregated nanoparticles appeared in the TOP phase and the absorption spectrum once 
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again displayed a peak at 410 nm, characteristic of GaSe.  This shows that GaSe nuclei 

remain in the product of a synthesis.  Moreover, it shows that concentrating the nuclei 

will cause them to form nanoparticles.  TEM imaging also confirmed the presence of 

nanoparticles, though these nanoparticles are not monodisperse as the nanoparticle 

products of a heated synthesis are. 

 The nanoparticles thus formed exhibited more superradiance than particles 

formed in a traditional heated synthesis.  The cold-synthesized particles become more 

highly aggregated, which has been attributed to fewer edge ligands, and hence less 

interference in the nanoparticles approaching each other. 

 

Singlet/Triplet Reversal in Strongly-Coupled GaSe Nanoparticle Aggregates [6]

 Building on the idea of edge ligands interfering in the ability of GaSe 

nanoparticles to form strongly-coupled aggregates, this researcher used dodecanal to 

replace the TOP ligands.  Since dodecanal has a single long strand of atoms rather than 

the three strands emanating from the TOP, the nanoparticles are able to approach each 

other more closely and form dimers or more extended aggregates, which were strongly 

coupled.    

 Two consequences of the formation of strongly coupled aggregates were 

extraordinarily helpful in interpretation of the current results.  First, the strongly coupled 

aggregates had increased fluorescence quantum yield, making them much more 

noticeable at both room temperature and low temperature.  Secondly, the maxima of the 

fluorescence is shifted to the red, 476 nm (as-synthesized) vs 503 nm (strongly coupled 

aggregates) for 410 nm excitation at room temperature.   
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 Also included in this paper was an exposition of the anisotropy exhibited by GaSe 

nanoparticles.  The tetra-layer sheet construction of GaSe nanoparticles is responsible for 

its anisotropic optical properties.  If the x and y axes are oriented in the plane of the 

nanoparticle, the z axis runs normal to the plane defined by the nanoparticle.  The lowest 

bandgap transition is allowed and z-polarized, and the next higher transition is stronger 

and x,y-polarized.  Mixing of these two transitions through spin-orbit coupling gives 

some x,y-polarized oscillator strength to the lower transition.  Group theory based 

analysis of the GaSe nanoparticle results in identification of the lowest transition 

consisting of a z-polarized singlet and three triplets, one dark and the other two x,y 

polarized.  The triplet states are at a slightly lower energy, by 16 cm-1 in bulk.  Although 

photoselection occurs mainly into the allowed singlet state, rapid intersystem crossing 

results in the populations of the singlet and triplet states being governed by a Boltzmann 

thermal distribution, i.e. thermally equilibrated.  The thermal factor g is proportional to 

the probability that the singlet state is populated at temperature T.   

Eq. 1           TESTeg
695./!

=    where EST is the singlet-triplet splitting in cm-1 

 If f is the fraction of the oscillator strength due to the singlet, then the intensity 
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Observed anisotropy of a system is given by:
 

Eq. 5  !
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Which in the present case is the following:
 

Eq. 6  
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The first half of the numerator represents the emission from the singlet, and the second 

half of the numerator the triplet emission.  The numerical factors, 0.1, -0.2, and 0.4, are 

anisotropies which arise from considerations of  linear and planar emitters and absorbers. 

 The value of f that is consistent with previous experiments is somewhere between 

0.93 and 0.94.  This value is derived from the initial anisotropy value in time-resolved 

anisotropy studies, 0.33[6,8].  Substitution into the equation above yields the expressions, 
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g
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Eq. 7
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g

g
rP   for f = 0.94 

In this paper, equation 7 has been used to represent the temperature dependent anisotropy 

of the GaSe nanoparticles, rp. 

   

 

The Current Work 

 The current work has been done at low temperature, between ~15-20 Kelvin and 

room temperature.  Previous research has not been in this regime, and the spectroscopy at 
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low temperature was complicated by the presence of GaSe nanoparticle nuclei which are 

non-luminescent at room temperature due to losses from radiationless decay.  As a direct 

consequence, these results would have been extremely difficult, if not impossible, to 

interpret without the work done by the previous researchers. 

 Using dodecanal to create strongly coupled aggregates with a red-shifted 

fluorescence maximum enabled one to distinquish between fluorescence due to strongly 

coupled aggregates and that due to GaSe nanoparticle nuclei at low temperature.  

Knowing that GaSe nanoparticle nuclei were present in the as-synthesized samples led to 

recognizing that an equilibrium exists between the nanoparticle and nuclei forms.  
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Experimental 
 

Instrumentation 

 The low temperature Displex made by Advanced Research Systems is central to 

the work done. 

 

 
 

Figure 5:  Low Temperature Displex 

Graphic courtesy of Advanced Research Systems 
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 The experiment uses  a closed cycle cryostat.  Please refer to Figure 5 as a visual 

aid.  The sample is mounted on the cold finger, which is the extension of the expander 

shown above.  The radiation shield is screwed into place over the sample holder, then the 

vacuum shroud is placed over the entire assembly. The purpose of the vacuum shroud is 

to surround the entire cold end of the expander with very low pressure air, thereby 

limiting the heat flow into the expander.  The radiation shield augments this function by 

absorbing the thermal radiation from the vacuum shroud itself, and thereby prevents that 

heat from being absorbed by the sample.   

 The compressor and expander provide a refrigeration cycle. Two gas lines link the 

compressor and the expander.  The first gas line furnishes high pressure helium gas to the 

expander from the compressor, and the second gas line provides a return route for low 

pressure helium gas from the expander back to the compressor.  A vacuum pump, a 

pressure gauge, and a temperature gauge complete the low temperature experimental gear. 

 Absorption spectra were obtained using a UV-Vis set-up.  Static fluorescence spectra 

come from a Jobin-Yvon Fluorolog-3 spectrometer utilizing a xenon lamp excitation source 

and a CCD detector, operated with Horiba software.  Time-resolved measurements were 

generated using time-correlated single-photon counting by a Becker & Hickl SP-630 board 

with a Coherent Mira, cavity-dumped Ti:sapphire laser providing the 410 nm excitation.  

Often a colored filter was utilized to suppress the excitation wavelength in the emission 

results, Figure 4 shows a small residual peak at 410 nm due to the excitation light while 

Figure 10 shows the result of static samples taken without the filter in place.  Filter data 

appears in Appendix A. 
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Particle Preparation 

 The synthesis procedure used is detailed in Appendix B.  It results in GaSe 

nanoparticles which have trioctylphosphine (TOP) molecules as the edge-binding ligands.  

Since much effort has been put into isolating the synthesis reaction from oxygen, it is not 

expected that trioctylphosphine oxide (TOPO) is available as an edge-binding ligand to 

any significant degree.  However, it should be pointed out that both are relatively weakly-

bound ligands.  The particles made in this way are as-synthesized aggregates. 

 Monomers are created by dilution of the as-synthesized aggregated nanoparticles.  

Strongly coupled aggregates are formed by the addition of dodecanal.  Thus, there are 

three categories of GaSe nanoparticles, as-synthesized aggregates, monomers, and 

strongly coupled aggregates, which are used in the study as well as the GaSe nanoparticle 

nuclei. 

 

Isolation of Nuclei 

 Since both nanoparticles and nuclei are present in the synthesis product, attempts 

were made to extract samples and separate the nanoparticles from the nuclei.  Of the 

solvents used, only DMF, dimethyl formamide, yielded somewhat satisfactory results in 

terms of the fractionation achieved.  Other solvents were unsuitable, either too harsh 

destroying the GaSe nanoparticles or too miscible with the TOP/TOPO/GaSe solution.  

(See Appendix C for a Miscibility chart.)  The DMF partially removed the nuclei from the 

synthesis product.  Multiple extractions were done, each 1 part DMF to 1 part GaSe/TOP. 
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Results & Discussion 

Absorption Spectra 

 The collection of absorption spectra was limited to room temperature sampling. Thus, 

absorption peaks were similar to those in previous works:  460 nm for strongly coupled 

aggregates, 410 for weakly coupled aggregated monomers.  My dilutions to obtain monomer 

samples were 50 parts propanols to 1 part GaSe/TOP, rendering an absorption peak indis-

cernible due to loss of coupling in monomer samples.  In essence, the 410 peak is leveled off 

into the 360-370 valley, so the peak is lost while a small absorbance could still be measured. 

 

Figure 6:  Room Temperature Absorbance of Extractions 
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 The previous figure (Figure 6) shows the results of successive extractions of an as-

synthesized GaSe/TOP sample with dimethyl formamide (DMF).  A total of 8 extractions 

were done; the balance of them closely resemble the results of the fourth extraction.  (See 

Appendix D for details of late extractions.)  The following figure (Figure 7) shows what 

happened to the GaSe/TOP sample as a result of the extractions.  The aggregation peak is 

eroded and the particle size distribution has been altered.  Similar results were obtained 

when a more robustly ligated GaSe/TOP/ODPA sample was used. 

 

Figure 7:  Room Temperature Absorbance of GaSe/TOP before/after Extractions 



 17 

 

 

Figure 8:  Photograph of Aged Extractions 

DMF solvent containing the nuclei exhibits dramatic changes over time. 

 As the photograph (Figure 8) shows, the passage of time yielded additional data.  

The DMF extractions were initially colorless.  The vials changed color in an order 

corresponding to the concentration of nuclei in each, with the highest concentration 

changing first.  The contents of all three vials had changed after a month.  The following 

absorption graph (Figure 9) was taken when the contents of the vial containing extraction 

#1 developed its yellow color, two weeks after the extractions were done. 
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Figure 9:  Absorbance of Aged Extraction #1 

 

 This absorption graph (Figure 9) clearly shows the development of a 410 nm 

absorption peak from DMF containing GaSe nanoparticle nuclei.  This peak is associated 

with nanoparticle development and aggregation.  Taken together, these two observed 

processes, the degradation of nanoparticles to form nuclei and the spontaneous formation 

of nanoparticles from nuclei, argue strongly for the existence of an equilibrium between 

the two forms. 
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Static Fluorescence Spectra 

 

Figure 10:  Fluorescent Emission of Strongly Coupled Aggregates at   

Low Temperature 

 

 This graph (Figure 10) shows the static fluorescence response of dodecanal–treated 

GaSe at 100 Kelvin at two different excitations.  For each curve, the right-most peak is 

ascribed to the response of the strongly coupled aggregates formed when dodecanal is added 

to a TOP ligated GaSe nanoparticle sample.  Notice how the 450 nm (red line) response is 

stronger than the 430 nm (black line) response.  This fits well with the room temperature 

findings of Hoda Mirafzal as shown in Figure 11.  The quantum yield for the strongly 

coupled aggregates decreases as the excitation wavelength is adjusted to the blue end of the 
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spectrum, away from its peak absorbance value. In contrast, the peak on the left shows very 

little change.  The absorption tail of the GaSe nuclei effectively captures sufficient energy, 

which at these low temperatures is not lost to radiationless decay, to generate a quantum 

yield near unity. 

 

 

 

 

Figure 11:  Fluorescence Maxima and Quantum Yields 

From [6] Mirafzal, Kelley, with permission from ACS 

 

 As the excitation wavelength is shortened, even strongly coupled aggregate samples 

show only the hint of a shoulder near 510 nm at low temperatures.  The response of the 

nuclei swamps it.  Since strongly coupled aggregates have been shown to exhibit high 

quantum yields, far in excess of those of as-synthesized GaSe or monomer particles, and 

observations of low temperature monomer peaks have shown only modest growth, it can be 

firmly stated that nuclei response dominates the fluorescent spectrum at low temperature.  

Therefore, data taken at low temperatures, with monomers or as-synthesized particles as 

the ‘competing’ species, will be strongly influenced by the presence of nuclei with the 

nanoparticles making only modest contributions, and will characterize the spectroscopic 

response of nuclei fairly well.  Using excitations to the blue of 410 nm was observed to 

systematically exclude fluorescent response from nanoparticles in favor of that from the 

Excitation 
Wavelength 

 
410 
430 
445 
460 

w/dodecanal 
 

503 nm, 27% 
506 nm, 44% 
507 nm, 54% 
509 nm, 61% 

As-synthesized 
 

476 nm, 14.4% 
499 nm,  25% 

 

Monomers 
 

473 nm, 4.7% 
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GaSe nanoparticle nuclei.  Primarily this results in observations of greater factors for 

increase of intensity as temperature is lowered. 

 The following three curves were derived from the August 11, 2009 experiments 

using GaSe/TOP as-synthesized.  At that time, the problem was approached with the 

naïve belief that only nanoparticle monomers or aggregates were responsible for 

fluorescent spectroscopic responses.  Finding the value of the singlet-triplet splitting was 

the goal.  A somewhat broader view of the problem was needed.  Once it became clear 

that separation of the nanoparticles from the nuclei was not feasible, the idea of 

characterizing the spectroscopic response of the nuclei became the objective.  

 At low temperature, the intensity (Figure 12) undergoes an increase to a value near 

30 times its room temperature value.  The amount of this increase is variable across runs 

and has been seen as low as 15 times and up to 40 times.  A small positive anisotropy 

(Figure 13) of approximately 0.08 is exhibited by the nuclei at low temperatures.  This 

value is very consistent across many different runs, whether as-synthesized or dilute 

monomers, and I would put the error bars as plus/minus 0.03 with no reservations.  The 

last curve (Figure 14) shows data for the position of the fluorescence peak.  Many of the 

earlier runs were done with a filter in place which foreshortened the shape of the response 

curve (recall the room temperature curve shown in Figure 4 and filter data in Appendix A) 

yielding positions skewed slightly to the red of the actual peak.  Subsequent filterless runs 

consequently showed a larger difference between room temperature peak positions and 

low temperature peak positions.  
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Figure 12:  Fluorescent Emission Intensity as a Function of Temperature, 

Experimental Results appear in red, Model Fit in black 

Please refer to Equation 8 
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Figure 13:  Anisotropy as a Function of Temperature 

Experimental Results appear in red, Model Fit in black 

Please refer to Equation 9
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Figure 14:  Position of the Fluorescent Emission Peak as a Function of Temperature 

 

 Comparison of the three graphs (Figures 12, 13 & 14) shows that the sudden rise 

in the intensity, precipitous drop in the anisotropy, and abrupt shift in the peak position 

all occur at the same temperature.  Recall that the three graphs presented were for as-

synthesized aggregated GaSe/TOP.  Such graphs (intensity, anisotropy and peak position) 

for monomers diluted in mixed propanols show very similar behavior, with one very 

interesting difference—the temperature at which the effects manifest.  While 245K is the 

temperature for as-synthesized GaSe/TOP, 160K is observed to be the trigger temperature 
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for monomers in mixed propanols.  This suggests that as the medium surrounding the 

nuclei solidifies, the non-radiative losses cease.  

 

 

Time Resolved Results 

 Emission lifetimes were measured and used in conjunction with quantum yields to 

calculate radiative lifetimes.  The radiative lifetimes increased as the temperature was 

lowered.  Average radiative lifetime at 20 Kelvin was 7 ns.  This was a big factor in 

identifying the results as arising from the behavior of nuclei rather than the GaSe 

nanoparticles themselves.   

Table 1:  Summary of Results  

   Time Resolved       Static (Steady State) 

Temperature (K)   Average Emission  Lifetime Ratio  Intensity Ratio  
   Lifetime (ns)  

 21  6.86   1.0   1.0  

 74  6.82   .99   .96 

 99  6.76   .985   .93 

 120  6.58   .959   .89 

 141  4.90   .71   .84 

 199  4.45   .65   .51 

 240  2.96   .43   .113 
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 For a single fluorophore with a single decay time, the steady state intensity is 

directly proportional to the lifetime.  In examining the last two columns of Table 1, we 

see that at temperatures of 120 K and lower this seems to hold reasonably well.  This is 

the regime in which the GaSe nanoparticle nuclei are the predominant source of emission.  

As the temperature is raised, more of the emission is due to the nanoparticles.  I would 

argue that in the 240-245 K range, the value of the anisotropy (Figure 13) shows that 

non-radiative processes have extinguished the contribution of nuclei altogether.  The 

model builds on the temperature dependence of the non-radiative rate.  
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Further Discussion 

 Referring to Figure 12, the intensity graph, the fit shown in black was accomplished by 

assuming a temperature dependent intensity of the form: 

Eq. 8     !
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Thus, 650 cm-1 is a reasonable approximation of the activation energy for the non-radiative 

decay of the nuclei.  Quantum yield approaching 1 at low temperatures is accounted for by 

this approach as well. 

 In Figure 13, the anisotropy graph, the fit is shown in black.  Again, the formula for 

anisotropy from multiple sources, Equation 5 is: !
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Since we already have an equation for the expected anisotropy from nanoparticles, we can 

add a term for the anisotropy from nuclei yielding, 

Eq. 9  
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 where rp is as described in Equation 7 with EST 30 cm-1, 

representing a modest quantum confinement effect on the energy value of the singlet triplet 

splitting, the value 0.06 for the anisotropy of the nuclei is in the range 0.08 + 0.03 as 

indicated earlier, and In and Ip sum to ITotal. 
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 This is a very crude model.  It assumes that all the nuclei have the same activation 

energy, which given the absorbance peak from 300 to 328 nm, as shown in Figure 3, would 

seem unlikely.  A better assumption would be an ensemble of nuclei sizes with a range of 

activation energies.  It also assumes that krad has no temperature dependence of its own.  

Lastly, it assumes a set value for the intensity due to nanoparticles.  It is clear from the 

experimental data that intensity due to nanoparticles changes with temperature.  

Nevertheless, the fact that fluorescence from nuclei swamps that of nanoparticles at low 

temperatures allows this approach to model well below 230K.  
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Conclusion 

 

 Nuclei exist in equilibrium with nanoparticles.  In the currently used synthetic 

process, the resulting nanoparticles cannot be extracted or successfully separated from 

these nuclei.  The nuclei absorb well to the blue, below 350 nm, with an absorption tail 

extending beyond the 410 nm peak absorption of aggregated nanoparticles.  At room 

temperature, emission from excited nuclei is not observed, as they are non-luminescent.  

At low temperatures, as non-radiative loss processes cease, the emission from nuclei 

dominates the fluorescence spectrum.   The low temperature fluorescence spectroscopy, 

using 410 nm excitation, shows the emission peak at ~469 nm with a small positive 

anisotropy.   QY approaches unity at low temperatures, while lifetimes increase to near 7 

ns.  There is an activation energy of ~650 cm-1 associated with the nuclei in TOP solution 

which governs whether they exhibit radiative emission or undergo nonradiative 

processes. 
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Appendix A:   
 

Filter Specifications 
 
 

 
 
 
 

The above graph and the following specifications are taken from the Kopp Glass website, 
describing their Sharp Cut Yellow glass filter, #3387.   Copyright 2009 Kopp Glass, Inc. 
 
 
Transmission must be 37% between 436 nm and 466 nm (cut-off wavelength) 
Transmission must be 80% from 541 nm to 750 nm  
Transmission must be < 0.5% at wavelength shorter than 411 nm 

 Difference between 15% and 60% transmission must be < 30 nm 
 

The particular filter used in our lab is labeled 443, which indicates that it has been 
measured in our lab to give 50% of its maximum transmission at 443 nm. 
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Appendix B: 
 

Synthesis of TOP ligated GaSe nanoparticles 
 
Desired in the reaction vessel prior to heating: 
11.25 mmol of trimethyl gallium 
15.75 mmol of selenium 
15 ml of distilled trioctylphosphine, hereafter called TOP 
 
10 ml of the TOP is used to create TOPSe, the other 5 ml is used to carry the trimethyl 
gallium. 
 
11.25 mmol of trimethyl gallium is 1.15 ml 
15.75 mmol of selenium is 1.24 g 
 
Part I – Dissolving the Selenium 
 
In the glovebox, bring in a 3-hole reaction flask, containing a stirrer, with one septum on 
it, and the thermocouple well inserted and sealed with a 14-20 teflon o-ring.  Also bring 
into the glovebox, an extra septum to seal the 3rd hole, a measuring stick for the selenium, 
and a needle and 10 ml syringe for the distilled TOP. 
 
Put 1.24 g of selenium and 10 ml of distilled TOP into the 3-hole reaction flask, cap it, 
and bring it outside of the box.  DO NOT use vacuum when bringing it out. 
 
Heat at 150 C for 90 minutes.  Use N2 flow, with a fine diameter needle and a setting of 
approximately 50-55 on the rheostat. 
 
Part II – Bringing trimethyl gallium out of the glovebox 
 
IMPORTANT:  Make sure you have at least 500 cubic feet of N2 before starting. 
 
Make sure O2 level is low inside the glovebox.  Take into the glovebox:  sequestration 
vial, vial for trimethyl gallium/TOP mixture, 2 septums, long needle, medium needle, 10 
ml syringe, and a 3 ml syringe.  Confirm that distilled TOP is already in the glovebox.   
 
Inside the glovebox:  Put septums on the two vials.  Using the 10 ml syringe and medium 
needle, put 5 ml of distilled TOP into one vial.  At this point you are preparing to open 
the large antechamber and access the trimethyl gallium.  VERY IMPORTANT:  The 
glovebox catalyst must not be exposed to trimethyl gallium.  Therefore, turn off the 
blower and close the catalyst valves.   
 
Once the catalyst valves are closed, open the large antechamber and slide out the 
trimethyl gallium.  An open valve on the containment flask corresponds to alignment 
with needle travel.  Before inserting the needle, measure it against the vessel to assure 
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yourself that you have gone all the way in.  Withdraw 1.15 ml of trimethyl gallium and 
add it to the 5 ml of TOP.  Then sequester the needle and syringe in the remaining empty 
vial.  Return the trimethyl gallium to the large antechamber. 
 
Bring out the vial containing TOP and trimethyl gallium without using vacuum.  
 
Part III – Injection into TOPSe 
 
Since trimethyl gallium is pyrophoric, after filling the syringe with the solution, pull in a 
little N2 so that you can put the tip up and not have it flame. 
 
If it is hard to inject the 5 ml, flow N2 through the apparatus with a small vent needle.  
This is preferable to popping the joint open.  The vent needle and nitrogen will be needed 
while heating the mixture anyway.  
 
The mixture, under N2 flow, should now be brought to 270 C, a rheostat setting of 
approximately 65 will hold the apparatus at this temperature.  This temperature should be 
maintained for 90 minutes.   
 
Part IV – Care of the Glovebox 
 
Remove the needle and syringe (see part II) and put the assembly in the hood to prevent 
trimethyl gallium from contaminating the glovebox catalyst.  Run nitrogen through the 
glovebox for 20 minutes or 500 cubic feet of nitrogen with the purge vent slightly open.  
Close purge vent, put the blower on at just less than 50% and open the catalyst valves. 
 
Part V – Collection of GaSe 
 
Cool slightly by lowering mantle, while continuing nitrogen flow and stirring.  Get all the 
sample withdrawn at temperatures exceeding 120 C.  Up to 180 C is good, higher may 
melt the syringe.  Use care when withdrawing the needle.  Hold the needle to pull, pulling 
by the syringe may separate the two with unfavorable results! 
 
The completed samples should be injected into centrifuge tubes which contain either 
nitrogen or a vacuum.  A vacuum will help pull the sample in, which you may find 
helpful as cooling results in the needle clogging often.  Centrifuge for 10 minutes. 
 
Part VI – Clean Up 
 
Immediately rinse needles with acetone.  If they clog, put a syringe on to force air 
through.  If this is not effective, heat may be applied.  Fill the flask with acetone and use 
the sonicator to clean. 
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Appendix C:  
  

 
 
 
 

  

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

[Graphic from Phenomenex] 
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Appendix D:   

Absorption Results from Final Extractions 

 
Figure 15:  Room Temperature Absorbance of Later Extractions 

  

 The results of the fourth through eighth extractions are of particular interest 

because this is when the process of degradation of the aggregation peak is most 

noticeable, hence one can surmise that the nuclei being detected are actually being pulled 

away from aggregated nanoparticles.  If there is a particular configuration of  nuclei that 

is most stable, it is the one which absorbs at 328 nm. 




