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Abstract The objective of this work was to prepare a

novel substrate for the simultaneous concentration of

actinides and sample preparation for alpha spectroscopy.

Substrate preparation involved forming ultrathin films

(10–180 nm) of quaternary amine anion-exchange poly-

mers on glass and silicon by dip-coating. Samples were

loaded by submerging the polymer-coated substrates into

acidified solutions of 238Pu or natural water with elevated

uranium concentrations. High resolution (25–30 keV)

alpha spectra were acquired from these substrates under

certain loading conditions indicating that through further

development they may be a useful, inexpensive, and

potentially field deployable platform serving national

security and environmental sampling applications.

Keywords Anion-exchange polymer � Environmental

sensing � Isotopic analysis � Alpha spectrometry �
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Introduction

The ability to rapidly and efficiently produce samples

capable of quantifying actinide concentrations and isotope

ratios by alpha spectroscopy has applications in water

monitoring, emergency response, nuclear materials pro-

cessing, nuclear forensics, and nuclear safeguards. For

example, knowing the isotope ratio of U or Pu bearing

samples can help to understand the source and/or intent of

the material [1]. In many cases within both nuclear security

and environmental applications, the ability to measure

ultra-trace level (pg) quantities of actinide elements is

necessary to nuclear security applications. Oftentimes,

such sensitivity can only be achieved using mass spectro-

metric techniques. Alpha spectroscopy can be a simpler

and cheaper alternative to mass spectrometry if samples

can be prepared with sufficient resolution and capture

efficiency. However, preparation of high quality alpha

spectroscopy samples is a difficult task because the high

linear energy transfer of alpha particles limits the distance

an alpha particle can travel through virtually any medium.

Thus, high quality alpha spectroscopy substrates must be

(1) flat, (2) stable, and (3) have a means of chemically or

physically sequestering the radionuclides on the surface.

There are several currently employed techniques to

prepare alpha spectroscopy samples to avoid self-absorp-

tion of the alpha particles, which can have deleterious

effects on the resolution of the alpha spectrum. Self-ab-

sorption occurs when alpha-emitting isotopes must pass

through a portion of the solid source material, which causes

energy loss of the particle and leads to a broadening of the

spectrum. The result is low energy tailing in the spectrum

that makes isotope discrimination more difficult if not

impossible. This phenomenon rules out most porous

materials, including many crystalline metal oxides, as
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sorbents since they would produce spectra with excessive

tailing. Rapid methods, such as lanthanum fluoride

microprecipitation, can produce samples with high alpha

energy resolution but require hazardous chemicals (i.e.

hydrofluoric acid), which is not ideal for field application.

Electrodeposition can produce good samples but requires

specialized equipment and adds another time consuming

step to sample preparation. Thus, a primary objective of

this work was to develop a new method based on thin

polymer films for the rapid, inexpensive, and efficient

preparation of alpha spectroscopy samples that retains the

high resolution of those prepared by electrodeposition or

microprecipitation.

Organic films recently have been studied as a potential

platform for the development of robust alpha spectroscopy

substrates capable of rapid field deployment [2]. A variety

of film formation techniques have been employed,

including common techniques such as spin-coating and

solvent casting, and less common methods such as fixing

crushed anion-exchange resin beads to a surface [3]. A

chemical strategy has been the use of polymer-ligand films

[4] or polymer inclusion membranes [5] where a ligand is

dispersed with a polymer in solution and co-deposited on

the substrate surface. In concept and in preparation, poly-

mer-ligand films are simple, but they present a number of

engineering challenges for use as substrates for alpha

spectroscopy. The ligands in these films are not bound

covalently to the polymer matrix and, thus, are susceptible

to leaching. To prevent excessive leaching of the ligand,

the polymer matrix must have a low degree of swelling

under aqueous loading conditions, which leads to slow

uptake kinetics due to the high resistance for transport of

aqueous ions into the polymer matrix. In these systems, a

significant fraction of bound ions is likely to be deposited

below the film-fluid interface, within the polymer matrix,

contributing to energy tailing seen in spectra produced

from thicker (2–3 lm) polymer-ligand films [6].

In this work, we prepared and tested a novel substrate for

the rapid concentration of actinides and simultaneous sample

preparation for high-resolution alpha spectroscopy analysis.

The substrate comprises an ultra-thin (10–180 nm), lightly

cross-linked polymer film with covalently bound quaternary

ammonium chloride pendant groups for actinide anion

exchange. A thickness of 10–180 nm minimizes tailing due to

energy deposition in the film while providing adequate mass

of anion-exchange material to complex measurable quantities

of actinides. The functionalized films are hydrophilic and

readily swell in aqueous systems, eliminating the need for

plasticizers to aid in ion transport within the film. Dip-coating

was selected as the film formation method for these studies

over solvent casting or spin coating. It offers a high degree of

reproducibility and control over film thicknesses in the range

of 10–1000 nm, produces highly uniform and smooth films

apart from edge effects, is more easily scalable than compa-

rable methods, and can be applied to a variety of substrate

geometries. The dip-coating film formation procedure can be

applied to virtually any polymer systems and provides a

simple, rapid, and inexpensive means for preparing large

batches of ready-to-use substrates for alpha spectroscopy.

Quaternary amine resins and polymers have a long

history of use in the production and purification of acti-

nides. The characteristics of actinide-lanthanide binding

with quaternary amine bearing resins has been well char-

acterized and found to be non-selective, with complexation

generally occurring at elevated acid concentrations. This is

due to the formation of anionic complexes such as

Pu(NO3)6
2- or PuCl6

2- at high acid concentrations that

undergo anion-exchange with the resin. As such, to pro-

mote actinide uptake on quaternary amine bearing polymer

films, actinide samples must be dissolved in concentrated

acid solutions. The necessity of sample acidification com-

bined with the non-selectivity of complexation limits the

potential field deployability of quaternary amine based

substrates. Loading on quaternary-amine based anion

exchange polymer films from complex environmental

samples likely would require purification procedures to

prevent degradation of spectral quality from matrix inter-

ferences. A simpler loading scheme may be achieved

through the use of more selective ligands; however, qua-

ternary amine based films present a good model platform to

explore the influences of various film parameters under

ideal loading conditions. The effects of film properties such

as thickness, cross-linking content, and active site distri-

bution on alpha spectral quality are largely unexplored.

Additionally, the non-selectivity of quaternary amine

polymers provides a near universal substrate to explore

mass loading effects from various actinide species. Eluci-

dation of these characteristics will guide future efforts in

the development of polymer thin-film alpha spectroscopy

substrates possessing selective ligand chemistries that can

operate under a wider range of loading conditions.

Experimental

Materials

The following materials were obtained from Sigma-Aldrich

and used as-received: chloroform (Reagent Plus� C99.8 %

with 0.5–1.0 % ethanol as stabilizer, CAS# 67-66-3); 1,4-

diazabicyclo[2.2.2]octane (DABCO, Reagent Plus�C99 %,

CAS# 280-57-9); hydrogen peroxide solution containing

inhibitor (30 wt% in water, CAS# 7722-84-1); poly(vinyl-

benzyl chloride) (PVBC), 60/40 mixture of 3- and 4- isomers

(CAS# 121961-20-4); sulfuric acid (95–98 %, ACS reagent
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grade, CAS# 7664-93-9). Triethylamine (TEA, 99 %,

reagent grade, CAS# 121-44-8) was obtained from Fisher

Scientific.

Silicon substrates were acquired from Nova Electronic

Materials as 400 N/Ph\100[1–10 X-CM 500–550 lm SSP

prime grade Si wafers diced to 1 cm 9 3 cm pieces.

Deionized (DI) water with a resistance of 18.2 MX was

prepared in-house from distilled water that was passed

through a Milli-Q water purification system (EMD-

Millipore).

Substrate preparation for coating

Silicon substrates were removed from their adhesive

backing and etched with sample numbers. Glass substrates

were prepared by cutting standard borosilicate glass slides

into approximately 2.5 cm 9 2.5 cm squares. Piranha

wash solution was prepared by slowly adding 1 part 30

wt% hydrogen peroxide to 3 parts concentrated sulfuric

acid. (Caution: To prepare this solution, hydrogen peroxide

was poured slowly into the concentrated sulfuric acid under

a hood. Piranha solution is a very strong oxidant that may

react violently if it comes in contact with organics.) Sub-

strates were cleaned first by sonication (Aquasonic 75HT,

VWR Scientific) with DI water for 15 min. Next, each

substrate was placed in a test-tube with 10 mL of piranha

solution and was heated in a water bath to 85 �C for 1 h.

The used piranha solution was collected for safe disposal,

and each test tube with substrate was washed with DI water

3 times before 15 min of sonication in DI water. The

substrates were washed a final time with DI water and dried

with compressed air.

Dip-coating

After cleaning, substrates were dip-coated from solutions

of PVBC in chloroform. To produce a film with a thickness

of approximately 10 nm, the substrate was withdrawn from

a 0.5 wt% PVBC solution at a withdrawal rate of 100 mm/

min using a Qualtecs Product Industry QPI-128 dip coater.

Film thickness increases with increasing polymer concen-

tration and withdrawal rate [7]; film thicknesses up to

approximately 180 nm were produced by increasing poly-

mer concentration to 2 wt% PVBC and withdrawal rate of

340 mm/min. Film thicknesses were determined with

multi-angle ellipsometry (described in supplementary

information). Immediately before dip-coating, DABCO

was spiked into the solution to serve as a cross-linker. The

molar amount of DABCO added was limited by stoi-

chiometry based on a 1:2 reaction of DABCO to chloride

sites along the PVBC chains, as depicted in Fig. 1. It was

determined that to prevent dissolution of the polymer film

in chloroform during the subsequent functionalization step,

a minimum of 5 % cross-linking was needed. A ratio of

18.4 mg DABCO:1 g PVBC was used to prepare films

with 5 % cross-linking. Films with 50 % cross-linking also

were prepared. After casting, films were heated in an oven

at 80 �C for at least 24 h to complete cross-linking.

Functionalization of polymer thin-films

Substrates coated by the cross-linked polymer films were

submerged in a 5 wt% solution of TEA in chloroform for

24 h at room temperature. After functionalization, the

substrates were removed from solution and dried with

compressed air.

Actinide loading and alpha spectroscopy

To demonstrate environmental applicability, uranium

uptake studies used a groundwater sample collected from a

well at Roundhouse point on Lake Jocasee in South Carolina

on August 27, 2013. The water contains naturally occurring

uranium at relatively high levels (166.5 ± 2.1 lg/L (ppb)
238U) as determined by direct analysis of the groundwater

solution using ICP-MS after acidification to 2 wt% HNO3.

A NIST traceable uranium calibration solution was obtained

from High Purity Standards (Charleston, SC) to determine

the aqueous U concentration using ICP-MS. The uranium

bearing groundwater samples were acidified to 3, 5, and 9 M

HCl for uptake studies. Aliquots of each acid stock solution

were placed in a petri dish to give the equivalent of 2.5 mL

groundwater prior to dilution with the acid (i.e. to maintain a

fixed uranium mass in each sample). A glass slide with a 5 %

cross-linked, TEA functionalized film was submerged in

each solution with no agitation. The solution was allowed to

air dry completely and the bound uranium was quantified by

alpha spectroscopy using an EG&G ORTEC Octête PC

Alpha Spectrometer bank with phosphorous doped silicon

detectors. A calibration standard for counting efficiency

determination was prepared by spotting five 10 lL drops of a

2966 dpm/mL 238Pu solution across a 5 % cross-linked, TEA

functionalized film that was carefully ‘‘smeared’’ using a

pipette tip to cover the area of the film. Films from batch

uptake studies were allowed to air dry prior to analysis. Each

detector was energy calibrated using a NIST traceable 238Pu,
241Am, 235U, and 238U bearing source electroplated on a

25 mm diameter steel planchet. Due to the different geom-

etry, this source could not be used as an efficiency standard.

Plutonium uptakes onto the 10 nm functionalized films

were measured in the same manner as the uranium uptake

experiments. However, to utilize a Pu source with higher

specific activity, a 10 lCi/mL 238Pu stock solution was

obtained from Eckert and Zeigler Isotope Products (Va-

lencia, CA). Two 238Pu(IV) working solutions were pre-

pared at *1000 dpm/mL (1.1 9 10-10 mol/L 238Pu) and
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*100 dpm/mL (1.1 9 10-11 mol/L 238Pu) in 9 M HCl

using the same method described above for the uranium

bearing samples. Separate films were submerged in 5 mL

of each solution and allowed to air dry completely, and

then the amount of 238Pu on the film was quantified using

alpha spectroscopy. Methods for plutonium loading onto

180 nm films are described in Supplementary Information.

Preparation of electrodeposited substrates

Preparation of electrodeposition solutions: For each sam-

ple, 1 mL of 1000 dpm/mL Pu238 in 9 M HCl solution

containing sodium nitrate was diluted with 9 mL of DI

water. Methyl yellow (2–3 drops) was added to solution

and mixed by shaking. Sodium hydroxide solution (2 M)

was added dropwise while shaking until a peach color was

achieved indicating a pH of 3.2–3.8, which was confirmed

with litmus paper.

Electrodeposition of Pu238: Four stainless steel planchets

were prepared by first removing the protective coatings.

The planchets were loaded into four separate fluoropoly-

mer electrodeposition cells that were then mounted to a

fluoropolymer bracket. Electrodeposition solution was

added to each cell (10 mL per cell), and a platinum anode

was submerged below the surface of the solution and

mounted in place. Care was taken to ensure the platinum

anode was not in contact with the stainless steel planchets.

The cathode was attached to the planchet and the power

supply was tuned to 2 A (0.5 A/cell). Covers were placed

over the cells to reduce evaporation of the electrodeposi-

tion solution while under current load. Current was applied

for 2 h to complete the electrodeposition. Prior to turning

off the power supply, approximately 1 mL of 2 M NaOH

was added to the cell to prevent re-dissolution of deposited

Pu once the current was removed. The cells were removed

from their mounts and the deposition solution was poured

out of each cell. The planchets were dried in air before

placing within the alpha spectrometer.

Results and discussion

PVBC films produced through dip-coating and activated

with TEA were smooth apart from edge effects at all

thicknesses upon inspection with atomic force microscopy

(see Supplementary Information). Excess cross-linker was

found to induce porosity within the film; however, films

with 0–95 % cross-linking with DABCO remain smooth

and non-porous.

TEA activated films with 5 % cross-linking were found

to be stable in 9 M HCl. Stability was determined by

measuring film thickness before and after acid exposure.

Film thicknesses measured by multi-angle ellipsometry for

stability testing are provided in Supplementary Informa-

tion. Thicker films (*180 nm) were used for these studies

so that small changes in thickness would be more evident.

Film thicknesses remained the same within measurement

uncertainties after soaking in 9 M HCl for 3 days.

Delamination of the films was found to occur after multiple

weeks of acid exposure; however, it was determined that

contact times longer than 3 days were far longer than the

time that is required to reach equilibrium in batch uptake

studies (unpublished results).

The percent uptake of 238Pu(IV) onto the films with

50 % cross-linking by DABCO was much lower than on

5 % cross-linked films at the same acid concentration (see

Fig. 1 Synthetic methods

developed to produce

chemically stable hydrophilic

films with quaternary amine

functionality

2342 J Radioanal Nucl Chem (2016) 307:2339–2345

123



Supplementary Information). This result likely is due to the

lower actinide affinity provided by quaternary amines

resulting from reaction with DABCO versus triethylamine.

A maximal uptake of approximately 12 % was measured

when loading from 1000 to 100 dpm/mL solutions of
238Pu(IV) and was achieved within 30 min of contact.

These samples were loaded by simply submerging the

substrate in actinide bearing acid solution for a given

allotment of time. Despite low percentage uptake on 5 %

cross-linked films, the resulting alpha spectra have a res-

olution of 25–30 keV, which is comparable to electrode-

position (Fig. 2). The high resolution provided by these

substrates resolved the shoulder of the 238Pu alpha peak,

which represents different alpha energies from the alpha

decay: 5.499 MeV (70.91 %) and 5.457 MeV (28.98 %).

Figure 3 demonstrates that the HCl concentration

strongly affects the uranium uptake onto the film. This result

was expected as anion exchange within the polymer film

occurs with the PuCl6
2- or UO2Cl4

2- anionic species, which

becomes the dominant aqueous species for plutonium and

uranium at high acid concentrations. The chloride:actinide

ratio increases with increasing HCl concentration owing to

formation of AnClX
4-X and AnO2ClX

2-X complexes [8].

Due to the low specific activity of natural uranium, efforts

were made to maximize the amount of uranium loaded onto

these films. This objective was achieved by allowing the

loading solutions to fully dry while in contact with the

substrates.

Although the alpha peaks for uranium were clearly

evident (Fig. 4), the spectra showed considerable peak

broadening especially at low acid concentration. Energy

resolutions for the 238U peaks at 4.2 MeV were 35 keV

(9 M), 32 keV (5 M), and 54 keV (3 M). The relatively

poor quality uranium spectra are attributed to several fac-

tors. While although the mass loading of uranium is high,

the specific activity of its naturally occurring isotopes is

low, and so several days of counting is necessary. The high

mass loading also results in a large degree of self-attenu-

ation of the alpha particles, causing tailing of the alpha

peaks and subsequently decreased resolution. In addition,

the uranium daughter products can be observed in the

spectrum. These daughters can overlap with uranium

peaks. For example, 226Ra has an alpha peak at 4.870 MeV

that overlaps with the 234U peak at 4.859 MeV and ham-

pers isotopic analysis without effectively purifying the

solution prior to uptake.

To examine the influence of uranium mass loading on

the sample, one film was initially loaded by submerging in

a ‘‘clean’’ solution containing 238Pu(IV) and the alpha

spectrum was collected. Then the same film was returned

to a petri dish and loaded with natural uranium by allowing

the natural uranium bearing solution to fully evaporate onto

the substrate. Figure 4 shows the spectra for the films after

each uptake period. The 238Pu prior to addition of uranium

shows 25–30 keV resolution and relatively little tailing

(though it is exaggerated on the logarithmic y-axis of

Fig. 5). After loading the same substrate with natural ura-

nium the plutonium peak shows a substantially reduced

count rate (by about an order of magnitude) at the max

peak energy, as well as extensive tailing. The tailing arises

from attenuation of the plutonium alpha particles due to the

large mass loading of precipitates covering the plutonium.

Well water used in this study was not purified prior to

loading and thus contained an abundance of natural salts

that were deposited during drying. Due to the low specific

activity of natural uranium isotopes, the uranium does not

have sufficient activity to be observed above the substantial

tailing of the 238Pu peak.

The relationship between film thickness and resulting

alpha spectra resolution will be the subject of future

investigation. Preliminary results can be seen in Supple-

mentary Information.
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Conclusions

Thin-film polymer substrates yielded alpha spectra for

Pu(IV) with high resolution that is comparable to elec-

trodeposition under ideal loading conditions. High acid

concentrations were needed to drive uptake of actinides

into the films, requiring special considerations if these are

to be used in a field deployable method; however, this

limitation primarily is due to the selected polymer

chemistry. Substrates loaded with uranium sorbed from

natural well waters performed poorly when compared to

thin film substrates loaded from ‘‘clean’’ plutonium

solutions. Removing or preventing deposition of precipi-

tates on the surface of the films and purification of the

uranium solution to remove daughter products is needed

to improve analyses for samples loaded from natural

waters. Complete drying of natural samples upon the

substrates exacerbated problems associated with complex

sample matrices and should be avoided as a loading

method.

The influence of film thickness and active site distri-

bution on substrate performance needs further elucidation

and the degree of cross-linking needs careful consideration.

Some cross-linking is needed to ensure film stability during

functionalization; however, high levels of cross-linking

within the film were found to reduce actinide uptake by up

to one order of magnitude. Plasma cleaning of the sub-

strates can be used as an alternative method to piranha

washing to minimize hazards associate with the substrate

fabrication method.
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