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Study of Reactions of Silver and Sulfur Clusters
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The reactions between silver and sulfur clusters are studied with a laser double ablation reactor. The main
reaction products are [AgB, [AgSs]*t, [AgSia] T, and [AgSet, which have different compositions from

those of Ag/S clusters produced from Ag/S mixed sample by laser ablation. The photolysis of the products
with a 193 nm excimer laser indicates that [AgS and [AgSg]* have a photodissociation efficiency much
higher than that of [Ag3™ and [AgS]*. The structure of the products and the mechanism of the reactions

to form products [Ag®]* and [AgSe|t are discussed.

Introduction transition of the composition from the gas phase to the
~ condensed phase.

The compounds composed of silver and sulfur elements exist  angther kind of reaction is a chemical reaction between
in nature with the composition of A§ and three polymorphs:  jysters or between clusters and atoms or mole&fés18
monoclinic at room temperature, body-centered cubic_(bcc) atwhich have been performed in the gas phase by Fourier-
176°C, and face-centered cubic (fcc) at 5@-1 These kinds  {ransform ion-cyclotron resonance (FTICR) spectromiétard
of compounds have important applications in optics and g fiow tube reactor (FTR The reactions of all the transition
electronicg:~® It has been known that the compounds can be metq) ions, [M], with sulfur have been reportédind the study
used to prepare superionic conductive materials because of theigyih Ag* was highlighted. The reaction between silver ion Ag
attractive ionic conduction propertiédt was also reported that g S studied in a FTICR gave the products [A§S [AgSe] ™,
by the doping of AgS in CdS on Pt electrodes the efficiency gnq [AgSq*. The compositions of these products are totally
of splitting H,S into H; and S could be much improvédulfur different from that of condensed phase compounds or that of
sensitization is one of the most important stages for the Ag/S clusters produced from a Ag/S mixed sanfplejithout
formation of latent images composed of Ag in the photographic composition of a AgS unit. Herein, we report on a study of
emulsion-making procedsand it is attributed to the Ag/S cluster  the reactions between silver and sulfur clusters by a new
sensitization center. Applications of Ag compound as pho-  apparatus called a laser double ablation reactor (LDAR). LDAR
tovoltaic cells and infrared detectors have also been repdfted. has a simple construction with only two solid samples. Thus

Molecular sulfur can be reduced te Sby most metals in the clusters are produced by laser ablation of the two samples,
condensed phase chemistgithough sulfur does not react with  forming ions, and the ions collide to react with each other. The
metal ions in solutio:® However, the reactions in the con- experiments show that the reaction products obtained by LDAR
densed phase are influenced strongly by the environment;are similar to that obtained by FTICR, indicating that this
therefore, the reactions in the gas phase are preferred to bettenew technique is very effective for study of the reactions
understand the chemical reaction mechanisms. between clusters. In this paper, we also present the study of the

The reactions of clusters were performed in the gas phasePhotodissociation of the reaction products.
using various experimental conditiofi$8 With a high-intensity _
focused laser beam, a solid sample can be vaporized. TheEXxperiment
vaporized species collide with each other, emit with speed of  Figyre 1 shows the construction of an LDAR, which is
sound, and cool in the gas phase to form cluster ions by ion  attached to the homemade tandem time-of-flight mass spec-

molecule reactions or neutral clusters by atemolecule  trometer (TOF MSY for detection. The details of the LDAR
reactionsi®~*> This kind of reaction is a clustering reaction. We  ere reported in our previous wofk.Herein, only a brief

have studied clustering reactions of silver and sulfur elements gescription is presented.

by laser ablation of a sample made of silver and suiffirhe As shown in Figure 1, the LDAR contains two solid samples,
mass spectrum indicated that the binary Ag/S clusters were sample 1 and sample 2, separated from each other. In the present
related by an incremental unit of A§. The most abundant  experiments, sample 1 is made of silver and sample 2 is made
cluster series in the mass spectrum had the composition of [Ag- of sylfur. The two samples are shaped as disks (thickness is 5
(Ag2SHI™ (n = 1, 2, 3, ..). It should be noted that the mm, radius is 5 mm), and a hole is drilled in sample 2. The
composition of Ag/S clusters with the unit, 48, was coincident  gouple frequency beam of a Nd:YAG laser (532 nm) is directed
with that of silver sulfide compounds in nature. The mass through the hole of sample 2 so as to be normal to the surface
spectrum also indicated that the regularity of composition for of sample 1. The laser beam diameter is larger than the hole in
small clusters was not marked, and when the clusters becamesample 2 so that the central part of laser beam ablates the surface
larger, it appeared prominently. This feature might display the of sample 1 through the hole of sample 2 and the outer part of
laser beam ablates the surface of sample 2. Because the energy
*To whom correspondence should be addressed. of the central part of the laser beam is stronger than that of the
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Figure 1. Laser double ablation reactor. Mass number of the cluster fons

Figure 2. Mass spectrum of positive ions produced from a silver

outer part, we used a sulfur sample with lower melting and Sample and a sulfur sample separated by 6 mm.
boiling points than silver. Neutral atoms, molecules, and ions
were simultaneously emitted with the speed of sound from each
sample using ablation with a laser beam, and clustering had At [Ag(Ag,S)I*
occurred. The clusters produced from sample 1 were passed ;, ¢
through the hole of sample 2 and reacted with the clusters
produced from sample 2. ;
The independent clustering of the emitted species from each
sample is very important to study the reactions between clusters’
produced from samples 1 and 2, and it should be completed -
prior to the reactions between clusters. This condition is called
clustering first and reacting second (CFRB)Yo satisfy the
condition of CFRS, the value of the distance between samples
1 and 2 plays an important role. If the distance is too short,  F———— BARRRERRE BABARERL BRERREESR BEEAREES
then the emitted species from the two samples meet first, and
clustering occurs. This process is similar to that produced with Mass number of the cluster ions
one ;ample that contains all elements in samples 1 and 2 ,WithOUtFi ure 3. Mass spectrum of positive ions produced from a mixed
reaction between clusters. On the other hand, the distancesample of silver/sulfur (Ags= 1:1).
between samples 1 and 2 cannot be too long. If it is, then the
amount of the reaction products greatly decreases and detectiorhaving ions of greater intensity than the latter. This result shows
might be difficult. The experiments indicate that with a laser that the Ag/S cluster positive ions grow by the incremental unit
fluence of 100 mJ/cAhand a 1 mndiameter hole in sample 2,  of Ag,S.
the distances in the range of30 mm between samples 1 and Willett et al. studied the reactions between*Agnd S by
2 are effective. In the present experiments, the distance betweerFTICR®® and obtained the following results:
sample 1 (silver) and sample 2 (sulfur) was set to 6 mm. The
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laser beam was focused with a leris{ 545 mm), and the AgT(9) + Sy(9) — [AgS,]T(9) + S,(9)
energy of laser beam on the surface of sample 1 was ab8ut 10
W/cmé. The reaction products were detected by the first stage [AgS 4]+(g) + S4(0) — [AgS 8]+(9) +S,(9)

of the tandem TOF M%? In the second stage of the tandem

TOF MS? photodissociation of the reaction products was n n
performed with a 193 nm laser beam. The ion detections were [AgSg] " (9) + S4(9) — [AgS,d '(9)
all performed with dual microchannel plate detectors, and the . | hat th . h imil
signals (mass spectrum) were recorded with a transient recordeﬁ]'S ¢ eatr)t at td € (er?ctlon products sf OWE above are 3|m|dar to
(10 MHz bandwidth). Typically, the signals with 10000 000  (h0se obtained with LDAR except for the reaction product

+
laser shots were accumulated and stored in an IBM-PC [AgS1a] ™. .
computer. These results indicate that the products from LDAR are

different from those produced from a Ag/S mixed sample. The
former is produced by reactions between silver and sulfur
clusters, while the latter is produced by a clustering process of
The mass spectrum of the reaction products is shown in Figuresilver and sulfur elements vaporized by laser ablation.
2. The mass peaks presented in the mass spectrum mainly have The reaction products [AgB™ (n = 4, 8, 12, 16) were
the composition of [Agg™ (n = 0—16). It is evident that the ~ photodissociated with a 193 nm laser. The photofragments are
mass peaks [Ag$", [AgSe] T, [AgSi2] ™, and [AgSe T are very listed in Table 1. It is known from Table 1 that for [AgS no
distinct as magic numbers, indicating that these products haveconspicuous fragment is detected except for a smatl, Adpile
more stable structures than the others. For comparison, the masthe [AgSs] T is photodissociated to Ag[AgS;]*, and [AgS] ™.
spectrum of positive cluster ions produced from one Ag/S mixed [AgS:2]™ and [AgS¢ ™ have photofragments mainly as [AgS
sample by laser ablation is presented in Figure 3. The massand [AgS]™, respectively. Table 1 also shows that the photo-
spectrum mainly consists of two series, [AgESH]|tT (n = 1, dissociation efficiency of [AgS] T and [AgSe ™ is much higher
2, 3, ..) and [Ag(Ag2S)]™ (n =1, 2, 3, ...), and the former  than that of [Ag3]™ and [AgS]™.

Results and Discussion
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TABLE 1: Photodissociation Percentage of Reaction IP/Ag = 7.57 eV)?6 so the positive sulfur cluster ions are
Products [AgS)]” (n = 4, 8, 12, 16) relatively less easy to generate.
photofragments The study of sulfur in the condensed phase shows that sulfur

atoms can easily bond to each other to form molecules with

roducts A AgS;]* AgSs3] " AgSi* AgSs] ™
P g [AgSd [AgSd [Agsd AgSd undetermined atom numbers. The structure of orthogonal sulfur

n
[Ags4]+ 0.56 with 16 S in a unit cell is the most stable at room temperature
[AgSe] 0.82 1.05 0.50 0.68 - -
[AgSi2* 16.0 and atmosphere. The ring $olecule has a structure similar
[AgSi™ 10.5 to the skull structure witl,y symmetry. Gas phase sulfur exists

mainly in the forms of § S, and §, while & is the most
abundant at the temperature below 673 K. This fact supports
our assumption that [Aggdt and [AgSe™ are produced
through the addition of $on [AgSy]* and [AgS] T, respectively.

In comparison, we can see that the reaction products and the
Ag* reaction mechanism by LDAR are different from those by
FTICR. The former is of the reactions between the emitted
species (atoms, molecules, and clusters) generated by laser
ablation. In this case, the product species is more various than
Ag,* that generated by FTICR, and there also exist many possible

Ag* reaction channels for the product formation.
8 From the discussion as above, we can describe the process
of cluster reactions by LDAR as follows: By laser ablation,
WW silver and sulfur samples are vaporized, and then the clustering

occurs. Silver ions from the silver sample react with sulfur atoms

Tt or clusters from sulfur sample to produce [AgfSand [AgS] T,
400 800 and then [Ag9]™ and [AgS]™ react with $ to form [AgSi]*
and [AgSe ™, respectively.

a Photodissociation percentage (intensity of fragments/sum of
intensity of fragments and product) 100.

Positive ion intensity

Lo

L L e |
9] 100 200 300
Mass number of the cluster

F_ilgure 4. Mass spectrum of positive ions produced from a sample of Acknowledgment. The authors thank Professor G. D. Willett
Stver. and Dr. K. J. Fisher of the University of New South Wales for
the discussion of the experimental results. This research is

From the distribution of photofragments, we can observe that funded by National Natural Science Foundation of China.

[AgS4]* and [AgS]T are the main photofragments of [AgH
and [AgSg]™; i.e., they arise from the same dissociation channel Ref N
in which S is stripped from [Ag$]™ and [AgSg™, respec- eferences and Notes

tively. So, it might be suggested that in the structure of [AD*S o f(1()j V]\-lge;lg A.GIB.7InStructural Inorganic ChemistryClarendon Press:
and [AgS|" there are weak combinations between #hid %) Amiel, .. Wada, H.J. Solid State Cher1995 115 112.
[AgS4* and [AgS]™, respectively. For the photodissociation (3) Khan, M. M. T.; Bhardwajand, R. C.; Bhardwaj, i@t. J. Hydrogen

of [AgS4™ and [AgS]™, there are few fragments (see Table Energy1988 13, 7.

; ; ; ; (4) Bixian, P.; Weidong, C.; Yu, Z.; Gao, Z.; Zhu, Q.; Kong, $ci.
1). This means that there may not be such weak interactions N China Ser. B1997 40, 182,

their struc@ure. In the condensed phase, th&®ond strength (5) Dhumure, S. S.; Lokhande, C. Bol. Energy Mater. Sol. Cells
(4.40 eV) is stronger than a-3\g bond (2.25 eV}324but all 1992 28, 159.
bond strength are lower than the energy of a 193 nm photon __ (6) Kitova, S.; Eneva, J.; Panov, A. Imaging Sci. Technoll994

. i , 484,
(6'42 ev). We can suggest that in [AS and [AgS] t_he 7) Guo, D. Inlnorganic Chemistry Serie<Chinese Sciences Press,
silver atom is bonded to the above two sulfur atoms. Fisher et 1990 vol. 5, p 158.
al. studied the reaction between Agnd HSGHs in the gas (8) Dance, I. G.; Fisher, K. J.; Willett, G. Dnorg. Chem.1994 35,

h nd calcul h metry ener rf f the pr 177.
phase and calculated the geometry energy surface of the product (9) Fisher, K. J.; Dance, I. G.; G. D. WilletRapid Commun. Mass

[AgHSCeHs] "9 For the geometry-optimized structure of  gyaciom1996 10, 106.
[AgHSCsHs]* with the lowest energy, the silver atom is bonded  (10) McElvany, S. W. Cassady, C. J. Phys. Chem199Q 94, 2057.
to the sulfur atom. This kind of bond may appear in the structure  (11) Z. Yu, et al. Huaxue Tongbad994 6, 31.

of [AgS1]* and [AgSe*. So, [AgS2* and [AgSd* have ) S e A o petoss 54 s o4

. . y . G. Dietz, et al.,J. Chem. Phy:. ) .
different bonding characters from [Ag]S and [AgS]™. (14) King, F. L.; Dunlap, B. I.; Parent, D. Q. Chem. Phys1991 94,

Eyler et al?® studied the reactions between Agand 25235) parent. . CChem. Phys. Let991 183 45
diethylaniline (DEAN), and between A and dimethylaniline 1 arent, D. Lbhem. Fhys. Le :

: 6) Cassady, C. J.; Weil, D. A.; McElvany, S. W.Chem. Physl99

(DMAN). The reaction products of Agl (L = DEAN, 96,(69)1. assady ¢ cEvany em. Physl 992
DMAN) were obtained. This suggests thatAgnd Ag* can (17) McElvany, S. W.J. Chem. Phys1988 89, 2063.

both react with some molecules to generate the products in the ggg m f”tézé CS MXES’;Z)SHS-LWéAngh(;“‘ém- somsgcl'lﬂﬁ ;?9%-
T . X . uy , S, , LR y, RR®v. l. u
form of AgL,*. Figure 4 is the mass spectrum of the positive 1990 61 (12), 3686.

ions produced from the silver sample by 532 nm laser ablation.  (20) D. M. Cox,D. ACS Symp. Sef99Q No. 173 437.

It is obvious that Ag is more abundant than Ag and Ag*. (21) Gao, Z.Chin. J. Chem. Phys992 5, 343.

So, we can suggest that the products [gSn = 4, 8, 12, (22) Gao, Z,; Liu, PRev. Sci. Instrun. 1998 69 (4), 1837.

16 d d inly f . b i And (23) Smoes, SBull. Soc. Chim. Belgl972 81, 45.
) are produced mainly from reactions betweern” Agd S. (24) Hubert, K. P.; Herzberg, G. IMolecular Spectra and Molecular
It is possible also that the products [A¢S are formed by Structure Constants of Diatomic MoleculiesVan Nostrand: New York,

: : : 1979.
the reactions between sulfur cluster ions and silver atoms or (25) Cheeseman, M. A Eyler, J. B Phys. Cheml992 96, 1082.

molecules. However, the ionization potential of sulfur is much  (56) cRc Handbook of Chemistry and Physiggrd ed.; Boca Ratan,
larger than that of silver (IP/S- 10.36 eV, IP/3= 9.356 eV, FL, 1992.



