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Abstract

A new analysis procedure for determination of trace impurities in a few milligram noble metal nanoclusters, using on-line isotope dilution in
laser ablation inductively coupled plasma mass spectrometry (LA-ICP—MS) was developed. During the laser ablation of investigated sample
simultaneous the dry aerosol of nebulized enriched isotope spike solution was added and mixed in the laser ablation chamber. The capability
of solution-based calibration by a modified isotope dilution analysis in LA-ICP—MS for the determination of selected elements was tested,
using platinum reference material NIST SRM 681. A good agreement of measured with certified concentration for Ag and Pb was found. The
detection limits for trace element determination of the developed analytical technique, using LA-ICP—MS with quadrupole analyzer varied

between 6 ng g for Ag and 90 ng g* for Pb. The analytical technique was applied for the determination of Ag, Tl, and Pb in a few milligram
of platinum nanoclusters.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction interest in order to prepare nanometer structures for use in
nanoelectronic devices (e.g., by deposition of nanoclusters
Biomolecular templating is a technique that allows funda- on crystalline bacterial surface layers with well-defined clus-
mental aspects of biological self-assembly to be transferredter lattices or on stretched DNA to prepare nanostructures or
to the emerging field of nanostructure formation and ma- highly conductive nanowires), optical devices and chemical
nipulation. It takes advantage of the well-defined chemical, devices (e.g., biosensof8)3]. Asitis known, impurities due
physical, and structural properties of biomolecular templates to contamination during device production can influenced
used for a controlled deposition of inorganic matejddl For the physical, electrical, and chemical properties of micro-
example, the fabrication of regular arrays of metallic nanopar- and nano-electronic arrays (thin-layered systems or k)
ticles (Pt, Pd, or Ag) by biomolecular templating is of great therefore, powerful trace analytical techniques for the char-
acterization of deposited noble metal layers in bioengineer-
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analytical techniques, such as LA-ICP-MS (laser ablation  The aim of this work is to demonstrate the capability of
inductively coupled plasma mass spectrometry) is gaining on-line isotope dilution analysis in LA-ICP-MS for the de-
increasing importance. Trace impurities can be analyze in anytermination of selected elements in a small amount of high-
solid samples by LA-ICP-MS rapidly with detection limits  purity Pt nanoclusters or nanowires.
down to the sub ngdt range. LA-ICP-MS allows, in ad-
dition, a microlocal analysis and depth profiling with lateral
resolution in the lowwm range. One problem in trace analy- 2. Experimental
sis using LA-ICP-MS by analogy with the other solid mass-
spectrometric techniques (glow discharge mass spectrometn2.1. Instrumental
(GDMS) or spark source mass spectrometry (SSMS)) — is
the quantification of analytical results if no suitable certified In these experiments a commercial laser ablation (LA)
reference material with a similar matrix composition is avail- system (CETAC LSX 200, Cetac Technologies, Omaha, NE,
able[5]. In such a case, matrix-matched laboratory standardsUSA) is coupled to the inductively coupled plasma ion source
from high-purity compounds doped with the trace elements of a quadrupole mass spectrometer (ICP-QMS, ELAN 6000,
of interest[6] can be prepared. For example, an analytical Perkin—Elmer, SCIEX Corp., Norwalk, CT, USA). The UV
procedure for the direct analysis of trace impurities, using wavelength of a Nd-YAG laser (4th harmonic, 266 nm at pulse
such a platinum laboratory standard (high-purity Pt powder duration of 5ns, repetition frequency of 20 Hz, energy per
was doped with several elements) by GDMS was described bypulse of 4 mJ and laser power density of ¥.10° W/cn?) is
van Straaten et dI7]. For the mostimportantapplicationfield used for laser ablation. For on-line isotope dilution analysis
of LA-ICP—-MS — geological research — the quantification with LA-ICP—MS a microconcentric nebulizer with mem-
is not so problematically because many different suitable ge- brane desolvation (Aridus, Cetac) was directly coupled to
ological and glass standard reference materials are availablgéhe LA-ICP—-QMS. The experimental arrangement is shown
[7-9]. in Fig. 1
An alternative quantification procedure in LA-ICP-MS is The experimental parameters of the laser ablation system
possible, if the direct ablation of solid sample by a focused used and the mass spectrometric measurements are summa-
laser beam and the easy solution calibration in ICP—MS is rized in Table 1 The mass spectrometric measurements by
combined, whereby anideal matrix matching is achieved. The LA-ICP—MS, using a quadrupole-based mass spectrometer
solution-based calibration uses standard solution with well- were carried out at low mass resolution’ Am~ 300). Laser
defined element concentrations nebulized by an ultrasonicablation was performed in the single line scan modus ata scan
nebulizer or microconcentric nebulizer with desolvator in or- speed of 1gums 1.
der to produce a dried aerogtD—12] In comparison to the
dual gas flow introduction in the inductively coupled plasma 2.2. Samples, standard reference material and highly
of ablated materials and nebulized standard solution via a Y- enriched isotope tracers
piece[10,11], we proposed a single gas flow introduction of
a sample/standard mixture via an on-line coupling of the des-  Platinum nanoclusters were prepared by an electroless
olvating nebulizer together with the laser ablation chamber in metallization procedurf2]. Small sample amounts of pow-
order to yield an optimal mixing of aerosols nebulized from dered platinum nanoclusters (only 1-5mg were available)
standard solutions and ablated material from solid sample inwere placed on high pure carbon ribbon and analyzed directly
the laser ablation chamb@2—14] An analogous experimen- by LA-ICP—MS without any additional sample preparation
tal arrangement of solution-based calibration in ICP—MS was steps. In order to verify the accuracy of solution-based cali-
described by BingEL5] for determining of metals inlubricat-  brationin LA-ICP-MS, platinum standard reference material
ing oils. Three possible solution-based calibration procedures(SRM) NIST 681 was used with a certified concentration of
in LA-ICP-MS, namely, external calibration, analyte addi- Cu, Ag and Pb in the concentration range of 2.0to 121g g
tion technique and isotope dilution are discussed in a recentSolutions of enriched isotopic tracéPCu: 89.2%,1%°Ag:
review[4]. 95.6 %,203T|: 97.8%,20%Ph: 51.0%) in 2% nitric acid were
Because, in our experiments only a few milligrams of plat- prepared, using sub-boiled HN@nd deionized water. Final
inum nanocluster are available a modified on-line isotope di- element concentrations in the isotope-enriched tracer solu-
lution analysis (IDA) in LA-ICP-MS will be applied. InIDA,  tion range from 2ngg! for Pb to 20ngg? for Cu (tracer
which is a suitable quantification possibility in mass spec- solution 1, used for trace element determination in NIST
trometry for accurate trace element determination, a definedSRM 681) and from 0.002 ng¢ for Tl to 0.12ngg* for
amount of an enriched isotope tracer of the element of interestPb (tracer solution 2, used for trace element determination
was added to the ablated sample. The determination of tracdan platinum nanocluster). Cu was used in this experiment as
element concentration is performed by measuring changedan internal standard element. The concentration of spike in
isotope ratios in the sample-spike mixture compared to thosesolution was chosen so as to obtain an isotope ratio in the
in the sample and highly enriched isotope tracer, using the mixture of sample and isotope-enriched spike of about one.
equation of isotope dilutiofl6]. Abundances of enriched isotope spikes for isotope dilution
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Fig. 1. Experimental arrangement for on-line isotope dilution analysis in LA-ICP-MS.

Table 1
Optimized experimental parameters of LA-ICP-MS
ICP-QMS (Elan 6000, PE Sciex) Laser ablation (CETAC Technologies)
Rf power 1150w Nd:YAG laser
Coolant gas flow rate 14 L mirt Wavelength: 266 nm
Auxiliary gas flow rate 0.8Lmin! Pulse energy: amd
Dwell time 10ms Laser power density: 1:4110° Wem—2
Repetition frequency: 20Hz
Spot diameter: 30Am
Sweeps 15
Replicates 100-200
Microconcentric nebulizer Aridus with desolvator
Nebulizer gas flow rate 1.2 L mirk
Sweep gas flow rate 7.0L mif
Solution uptake rate 90L min—?t
Heater spray chamber 7C
Heater desolvator 16

analysis in comparison to table valuds] and the concen-  lation of the investigated platinum nanocluster sample was
trations of analytes in spike solutions are summarized in started and after an additional time of 150 s 2% nitric acid
Table 2 was nebulized instead of the tracer solution. The isotope
ratios of lead {2“PbP%Pb), silver £07Ag/10%Ag) and thal-
lium (293T1/295T1), with 83Cuf°Cu for internal standard-
ization, were monitored during the whole experiment. The
measuring time for one experiment was no longer than
9min.

The element concentration was determined via the formula
for isotope dilution analysis (1):

2.3. On-line isotope dilution analysis in LA-ICP-MS

The new calibration strategy will be demonstrated for
the determination of selected elements: Pb, Ag, and Tl in
a small amount of platinum nanoclusters. In on-line iso-
tope dilution analysis with LA-ICP-MS, an isotope-enriched

tracer solution was nebulized by the microconcentric neb- Os= 07 —2) (T - X) ms 1)
ulizer Aridus with desolvator. After about 150s laser ab- ~° (X—S)mt
Table 2
Abundances of enriched isotope spikes for isotope dilution analysis in comparison to table values
Isotope Spike Concentration (spike in solution) ng g Samplé

Abundance (%) Isotope ratio Tracer solution 1 Tracer solution 2 Abundance (%) Isotope ratio

p p

65Cu 892 8.365cuf3cu) 200 0.113 308 0.45f5Cuf3Cuy)
1097g 95.6 21.7¢%9Ag/107Ag) 19.0 0.005 482 0.93¢09Ag/1%7Ag)
2037 97.8 45.1£0371/205T]) - 0.002 295 0.42£0371/205T])
204pp 510 2.4@€%4PbPo5ph) 24 0122 14 0.068%4PbPpb)

@ Table value (IUPAC]18].
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where Qs is the element concentration in the samplg;

the element concentration in the highly enriched spie;

about 150 s the laser was switched on, the sample was ablated
and mixed with the nebulized enriched spike solution in the

the isotopic ratio of the two selected isotopes in the mix- gas phase. A change $iCu/f°Cu isotope ratio from 0.12 to
ture; T the isotopic ratio of the two selected isotopes in 1.59 was observed. 150 s later only 2% HN&as nebulized
the spike;S the isotopic ratio of the two selected isotopes and the sample ablation was continued. The isotope ratio for

in the sample;ms and my the atomic mass of the ele-

63CufSCu measured in the sample by LA-ICP-MS agrees

ment in nature and of the isotopically enriched element, well with the IUPAC table value of 2.2[L7]. The precision

respectively.

of the Cu isotope ratio measurements in the sample only by

Differences of sensitivity in LA-ICP-MS and ICP-MS LA-ICP-MS was about 3.4% (relative standard deviation,
were corrected with Cu as the internal standard element,R.S.D.). A relative worse precision of about 6.8% for deter-
whereby the correction factor is defined as the ratio of Cu con- mination of$3Cu/f°Cu isotope ratio in the mixture of laser
centration determined by solution-based LA-ID-ICP-MS to ablated sample and nebulized isotopic spike was observed be-
true Cu concentration in the sample. Cu is suitable as an inter-cause not real isotopic equilibrium in the laser ablation cham-
nal standard element because its concentration in the sampld®er was obtained. An quasi-equilibrium between isotopes of
has been determined by the use of platinum SRM NIST 681. spike and sample could be achieved in the hot inductively
If no trace element concentration is known in the sample a coupled plasma. Also, in isotope dilution experiments, using

low abundant isotope of the matrix element Pt (e'8Pt)
can be applied for internal standardization.

3. Results and discussion

capillary electrophoresis ICP-MS (CE-ICP-MS), described
by Prange and co-workef$8] no isotopic equilibrium was
achieved. InTable 3the results of Pb and Ag concentration
in platinum SRM NIST 681 obtained by modified on-line
isotope dilution analysis with LA-ICP—-MS were compared
to those measured in a previous work by solution-based cali-

The analytical method developed was applied for the de- bration in LA-ICP-MS, using standard addition mddza].
termination of selected elements in platinum standard ref- The agreement of the analytical results, using the two dif-
erence material SRM NIST 681 and platinum nanoclusters. ferent solution-based calibration techniques in LA-ICP-MS
The application of on-line isotope dilution analysis for Pb with certified values is good. The results of the quantitative
determination by LA-ICP-MS in a platinum standard refer- determination of trace impurities in platinum nanoclusters,

ence material was firstly demonstrated4h. Fig. 2 shows

measured by LA-ICP-MS via the modified on-line isotope

the isotope ratios measured during this procedure as demondilution analysis are compared with those obtained via ex-

strated for83Cuf°Cu starting with the analysis of the en-

ternal calibration, using SRM NIST 681 ifiable 4 The

riched isotope spike solution of Cu by ICP-MS, using the detection limits for trace element determination in high-
microconcentric nebulizer Aridus with membrane desolvator. purity platinum measured by isotope dilution analysis, us-
During this experiment, enriched spike solution with trace el- ing a quadrupole-based LA-ICP-MS (Seble 4 are in the

ement concentration in the sub ngrhlconcentration range

low ppb range. In comparison to GDMS (except Cu) in gen-

(Table 9 was nebulized, desolvated and the dry aerosol was eral, lower detection limits were observed. An improvement
transported with argon into the laser ablation chamber. After of detection limits in the sub ppb range was observed by
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Fig. 2. 83Cuf®Cu Cu isotopic ratio for tracer solution, mixture and sample obtained by ratioing ion intensities of each measured replicate (before nebulization
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of spike solution 2% nitric acid was nebulized for 100 s in order to evaluate an average blank signal).
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Results of LA-ICP-MS, using solution-based calibration in LA-ICP—MS compared to certified values

Concentration in platinum SRM NIST 681

Solution-based calibration in LA-ICP-MS

Certified valyeg@?)

By on-line isotope dilutionig g~1)

By standard addition modeug g~1)

Cu Internal standard element 51+0.5
Rh - 8.3+ 0.4 ¢

Ag 1.9140.03 1.93+0.10 2.0+0.5
Pb 13.1+1.1 13.0+0.8 12+ 2

@ No estimate of accuracy is given in the NIST SRM 681 certificate.

Table 4

Results of quantitative trace analysis of platinum nanocluster by LA-ICP-MS

Concentration{g g 1)

Limits of detection g g~?1)

On-line LA-ID-ICP-MS

Calibration using SRM 681

Cu Internal standard 74605 Q0009
Ag 0.050+ 0.010 0.045t 0.003 0006
T 0.102+ 0.005 — 0012
Pb 0.96+ 0.03 1.034+ 0.08 Q09

the application of double-focusing sector field LA-ICP-MS
(e.g., Ir: 0.04ng gt and Pb: 0.9 nggl).

4. Conclusions

LA-ICP-MS, is a powerful tool for the determination of
trace impurities in few milligram of noble metal nanoclus-
ters. The quantification of analytical results for Ag, Tl, and
Pb was performed with a modified on-line isotope dilution
analysis in LA-ICP-MS which can be extended to other ana-
lytes of interest. In future work isotope dilution analysis with
LA-ICP-MS will be used as microlocal analytical technique
for multielement determination in thin layers or nanowires of
high-purity platinum and palladium nanoclusters.
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